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Abstract 

This  report  presents  a  status  of  the  field  of  accelerated 
radioactive  beams  (RB).  Following  a  review  and 
comparison  of  the  production  methods,  a  brief  description 
of  the  various  low  energy  facilities,  existing,  or  proposed, 
is  given  with  some  of  the  specifications.  Emphasis  is  given 
to  some  of  the  outstanding  technical  problems  existant  for 
the  ISOL  (isotope  separator  on-line)/accelerator  method 
of  production. 

I.  INTRODUCTION 

It  is  now  well  known  that  ion  beams  of  almost  any 
radioisotope  can  now  be  provided  by  modern  accelerators 
over  a  wide  range  of  energies  and  intensities.  This  has 
rejuvenated  the  field  of  nuclear  physics  while  also 
providing  additional  research  opportunities  for  other 
related  disciplines  including  condensed  matter  physics, 
atomic  physics,  nuclear  medicine  and  surface  physics, 
among  others.  In  this  report  a  brief  review  of  the  methods 
of  production  will  be  given  as  well  as  a  summary  of  the 
various  facilities  (existing  and  proposed)  around  the  world. 
Particular  attention  will  be  given  to  low  energy 
accelerated,  radioactive  beams  facilities  including  a  review 
of  some  of  the  technical  challenges  still  remaining  before 
a  major  facility  of  this  type  becomes  operational. 

II.  METHODS  OF  PRODUCTION 

There  are  two  main  methods  by  which  accelerated  or 
energetic  beams  of  radioactive  nuclides  can  be  produced, 
namely,  the  projectile  recoil  fragmentation  method  (PF) 
and  the  ISOL/Accelerator  approach.  In  the  former,  a  very 
energetic  heavy  ion  projectile  transverses  a  thin  low  Z 
target  material,  resulting  in  the  production  of  a  wide  range 
of  projectile  fragments  with  momenta  similar  to  the 
incident  beam.  These  products  are  emitted  into  a  forward 
cone,  dependent  upon  the  projectile  energy  and  can  be 
captured  by  magnetic  separators  while  elemental  selection 
is  obtained  by  taking  advantage  of  energy  loss  in  some 
thick  wedge  absorber.  Additional  details  can  be  found 
elsewhere  [1,2].  The  ISOL  method  involves  production  of 
the  desired  radionuclide  using  energetic  low  Z  projectiles, 
very  low  energy,  eg.,  30  MeV  protons  or  even  thermal 
neutrons.  The  target  thickness  is  determined  by  the 
energy  of  the  primary  production  projectile,  or  in  some 


cases,  the  reaction  product  recoil  range.  If  a  thick  target 
is  used,  chemical  methods  lead  to  the  release  of  the 
desired  product  from  the  target  into  an  ion  source.  A  gas 
jet  system  can  be  used  with  a  thin  target  and  in  this  case 
the  products  recoil  out  of  a  thin  target;  these  are 
transported  quickly  to  an  ion  source  located  far  from  the 
target.  Regardless  the  resultant  ion  beam  is  extracted  at 
some  potential,  generally  less  than  60  KeV  and  mass 
selectivity  is  then  obtained  by  using  a  magnetic  mass 
separator.  Elemental  (Z)  selectivity  is  obtained  by  the 
combination  of  the  target  chemistry  and  the  appropriate 
ion  source.  In  some  cases  the  production  projectile  only 
makes  a  limited  number  of  products.  Very  high  resolution 
magnetic  mass  separators  can  also  be  used  to  gain  some 
additional  final  beam  purity.  Detailed  description  of  this 
approach  can  be  found  elsewhere  [3j.  A  third  method 
involving  transfer  reactions  with  heavy  ion  projectiles  at 
low  energies  and  a  superconducting  solenoid  to  select  a 
desired  RB  has  been  used  to  produce  a  limited  number  of 
beams  of  modest  intensity  [4j;  this  method  will  not  be 
discussed  further. 

it  is  very  difficult  and  can  be  misleading  to  provide  a 
thorough  comparison  of  these  two  very  different  methods 
in  a  brief  format.  In  general  PF  can  provide  a  wide  range 
of  RB  of  acceptable  beams  with  energies  higher  than 
about  30  MeV/u  while  the  ISOL  method  is  better  suited  for 
RB  with  lower  energies.  Table  1  attempts  to  summarize 
some  of  advantages  and  disadvantages  of  each,  but  it  is 
important  to  emphasize  that  indeed  these  approaches  are 
complementary  to  each  other,  and  that  there  is  excellent 
physics  to  be  done  using  each  approach. 

Projectile  Fragmentation  (PF)  Facilities 

There  are  a  number  of  facilities  in  the  world  based  on 
the  PF  approach  which  are  either  operating  or  planned. 
These  are  listed  in  Table  2  along  with  some  of  the  facility 
parameters;  additional  information  can  be  found  in  the 
indicated  reference.  These  facilities  are  achieving  signifi¬ 
cant  results  and  have  demonstrated  clearly  the 
importance  of  this  science. 

ISOL  Based  RB  Facilities 

At  present  there  are  no  major  operating  RB  facilities 
based  upon  the  thick  target  ISOL  method  although  there 
are  one  or  two  smaller  systems  in  operation  or  being  built. 
Table  3  presents  information  on  the  tatter  while  Table  4 
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Table  1 

Comparison  of  RB  Production  Methods 
(optional  conditions) 

PF  ISOL  Method 


Energy  Range  (MeV) 

50-2000 

0.2-10(+) 

RB  Delivery  Time 

-MS 

>50  ms 

Momentum  (%) 

1-3 

-0.1 

Emittance  (jt  mm  mr) 

-20 

0.2-1 .0 

Production  Luminosity 

S1035 

SIO38 

RB  Intensities 

2S109 

£1012 

Beam  Purity 

moderate 

high 

Further  Advantaaes 
PF 

ISOL 

No  chemical  requirements  Wide  selection  of  RB 

Simple  production  target  Easy  energy  variation 

High  collection  efficiency  RB  energies  >0.2  MeV/u 

Reliable  operation 

Wide  selection  of  RB 

Several  major  operating  facilities 

Further  Disadvantages 

Production  target  thickness  Intensity  dependent  on 

limited.  front  end  chemistry. 

Deceleration  difficult  Decay  losses  due  to 

without  losses  and  target  delay, 

requires  time.  Radioactivity  contamina¬ 

tion  requiring  remote 
handling. 

Requires  post¬ 
accelerator. 


Table  2 

Projectile  Fragmentation  Facilities 

Laboratory 

(existing  or  planned) 

Countrv  RB  Enerav  Reference 

LISTING 

RIKEN/RIPS 

Japan 

100  MeV/u 

5 

GSI/FRS 

Germany 

0.5-2  GeV/u 

6 

GANIL/USE 

France 

30-100  MeV/u 

7 

NSCL/A1200 

USA 

30-100  MeV/u 

8 

■PIANNEP 

CATANIA/FRS  Italy 

50-100  MeV/u 

9 

LNL/ADRIA 

Italy 

.005-1  GeV/u 

10 

Dubna 

Russia 

20-500  MeV/u 

11 

Osaka 

Japan 

“ 

12 

Table  3 

ISOL  Based  RB  Facilities 
(existing*/funded) 


Facility  Countrv 

Production 

Svstem 

Post 

Accel.  Ref. 

RIB/  Belgium 

K=30  cyclotron 

K=110 

13 

Louvain* 

Ep=30  MeV 

Cyclotron 

RIB/  USA 

K=105  (ORiC) 

Tandem 

14 

Oak  Ridge 

Ep<80  MeV 

(25  MV) 

INS/  Japan 

K=68  cyclotron 

UNACS 

15 

JHP 

Ep=45  MeV 

(RFQ.DTL) 

prototype 

ESI  MeV/u 

Table  4 

ISOL  Based  RB  Facilities 
(planned  /proposed) 

Production  Post- 

Facility 

Countrv 

Svstem 

Accel. 

Ref. 

Arenas3 

Louvain 

Belgium 

K=110  eye. 
(p.d.He) 

SC  UNAC 

18 

ISOLDE 

PRIMA 

Swiss 

Ep=1  GeV 

UNACS 

18 

RAL 

UK 

Ep=0.8  GeV 

UNACS/ISIS 

18 

RNB/ 

Moscow 

Russia 

Ep=0.6  GeV 

UNACS  or 
eye. 

18 

PSI 

Swiss 

Ep=.59  GeV 
(gas-jet) 

K=120 

19 

GANIL 

France 

H.I/IOOMeV/u 

K=265 

18 

INFN/ 

Catania 

Italy 

H. 1/50-80 
MeV/u 

Tandem 
(15  MV) 

18 

PIAFE 

Grenoble 

France 

nth  (Reactor) 

K=88/160 

18 

ISAC/  Canada 
ISL/TRIUMF 

Ep=0.5  GeV 

UNACS 

20 

Argonne  USA 

E(12C)  =  1  GeV 

UNACS 

21 

KEK/ 

JHP 

Japan 

Ep=1  GeV 

UNACS 

15 
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indicates  the  facilities  in  the  proposal  or  planning  stage. 
Detailed  information  can  be  found  in  the  indicated 
reference. 

Given  the  availability  of  operating  PF  facilities  providing 
high  energy  RB  and  the  lack  of  a  major  ISOL  based 
system  providing  high  intensity,  low  energy  Rb,  the  focus 
of  the  remainder  of  this  report  will  be  on  aspects  of  the 
latter  systems. 

Post-Accelerators  for  ISOL  Facilities 

There  are  a  range  of  options  available  for  accelerating 
the  extracted  radioisotopic  ion  beams  from  an  ISOL 
system.  At  Louvain-la-Neuve  where  one  of  the  first  low 
energy  beams  was  produced  [13],  a  K=  1 10  cyclotron  was 
used  to  accelerate  the  first  radioactive  beam,  13N.  While 
there  were  some  losses  on  injecting  and  extracting,  never¬ 
theless  the  cyclotron  also  acted  as  a  high  resolution  mass 
spectrometer  allowing  for  the  separation  of  the  desired 
beam  of  13N  from  the  interferent,  13C.  The  final  beam 
energy  was  of  the  order  of  1  MeV/u.  At  Oak  Ridge  a 
project  has  been  funded  to  couple  a  front  end  ISOL 
device  to  a  25  MV  Tandem  accelerator  [14].  The  radio¬ 
active  species  are  produced  using  the  K=105  (ORIC) 
cyclotron,  extracting  them  using  ISOL  technology,  using 
a  charge  exchange  cell  to  produce  the  needed  negative 
ion  beam  and  then  accelerating  these  ions  to  energies  of 
the  order  of  5  MeV/u.  Chalk  River  (AECL)  is  also 
considering  using  a  30  MeV  primary  production  cyclotron 
and  a  Tandem  post-accelerator.  This  first  stage  can  then 
be  coupled  to  theTASCC  superconduc-ting,  high  energy 
heavy  ion  cyclotron  [22].  A  number  of  laboratories  are 
proposing  the  use  of  LIN  ACS  to  provide  the  required 
acceleration.  The  ISL  project  calls  for  a  combination  of 
room  temperature  and  superconducting  UNACS  as  does 
the  proposed  ISAC  facility  at  the  TRIUMF  laboratory  in 
Canada  [20,23].  Such  devices  are  generally  more  user 
friendly  and  forgiving;  essentially  100%  of  the  beam  is 
transmitted  in  the  absence  of  any  strippers.  The  first  stage 
of  such  systems  will  need  to  include  an  RFQ  LINAC  to 
capture  the  low  velocity  03=0.0015),  heavy  ions  (q/A  < 
1  /60)  from  the  ISOL  device;  the  velocity  will  also  vary 
according  to  the  mass.  As  mentioned  below  some  study 
is  needed  to  develop  an  efficient  means  to  adjust  the 
input  velocities,  given  the  need  for  constant  injection 
velocity  when  using  LINAC’s.  Demonstration  of  such  an 
operating  RFQ  especially  CW  would  be  useful  and  studies 
are  in  progress  at  Argonne  and  TRIUMF. 

III.  TECHNICAL  AREAS  REQUIRING 
RESEARCH  AND  DEVELOPMENT  STUDIES 

While  there  do  exist  major  PF  facilities  actively 
performing  physics  studies,  there  is  still  not  a  major  ISOL 
based  system.  Aside  from  the  obvious  financial  restraints, 
there  do  exist  some  technical  questions  which  require 


attention  before  a  final  system  can  be  designed  in  detail. 
The  smaller  ISOL  based  facilities,  while  clearly  clarifying 
important  aspects,  do  not  need  to  address  some  of  the 
questions  the  design  of  a  larger  facility  will  precipitate.  It 
should  be  noted  that  a  number  of  these  questions  that  an 
ISL  facility  will  introduce  were  discussed  at  a  special 
workshop  held  last  year  in  Oak  Ridge,  and  the 
proceedings  will  be  available  shortly  [24]  to  provide 
further  details  than  given  below. 

A.  Primary  Accelerator 

The  tentative  specifications  for  the  ISL  foresee  a 
primary  beam  accelerator  for  light  ion  (mainly  protons)  in 
the  energy  range  of  0.5  to  1  GeV  with  a  current  of  at  least 
100  nA.  There  are  two  accelerators  in  North  America  that 
can  meet  these  specifications:  LAMPF  and  TRIUMF.  In  the 
event  that  the  ISL  is  not  sited  at  these  laboratories,  a  new 
primary  beam  machine  would  have  to  be  built.  This  opens 
up  different  options  and  could  include  an  isochronous  H  + 
cyclotron,  a  FFAG  (Fixed  Field  Alternating  Gradient) 
machine,  a  ring  cyclotron,  or  a  fast  cycling  synchrotron. 
Less  attractive  options  would  be  an  H-  or  superconduct¬ 
ing  cyclotron  or  a  UNAC  for  protons,  although  the  latter 
accelerator  Is  being  considered  as  a  source  of  high 
intensity,  light  ions  such  as  12C  [21]. 

B.  Using  High  Intensity  Production  Beams 

An  important  aspect  to  produce  high  intensity  RB  Is  to 
use  high  intensity,  production  beams.  This  introduces 
severe  problems  especially  when  these  are  projectiles  with 
energies  higher  than  a  few  hundred  MeV.  Beam  heating  in 
the  target  (as  well  as  cooling)  is  not  straightforward  when 
dealing  with  beam  currents  up  to  100  /xA.  In  addition 
residual  radioactivity  levels,  and  potential  contamination 
possibilities  require  hard  solutions  for  these  and  for  the 
problems  associated  with  apparatus  failure  in  high 
radiation  fields  and  shielding  needs  to  reduce  external 
fields.  Similar  conditions  do  exist  at  present  meson 
facilities,  and  relevant  technology  does  exist.  Joint 
projects  are  in  progress  at  TRIUMF  [25],  LBL  [26],  and 
RAL  [16]  to  demonstrate  the  operation  of  a  thick  target, 
ISOL  device  in  a  high  intensity  proton  beam,  and  to 
explore  solutions  to  the  development  of  a  fail-safe,  remote 
handling  system.  From  another  perspective  LAMPF  is 
exploring  the  use  of  a  thin  target  facility  coupled  to  a  gas 
jet  transport  system  in  proton  beam  currents  of  the  order 
of  milliamps  [17].  This  would  minimize  the  radioactive 
contamination  problems  as  well  as  reduce  the  shielding 
needed. 

C.  ISOL  Ion  Source  Technology 

Ion  source  systems  are  clearly  important  although  a 
good  deal  is  already  known  from  considerable  develop¬ 
ments  at  the  ISOLDE  facility.  Until  now,  ISOL  devices  have 
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produced  only  single  charged  Ions,  but  multiple  charged 
Ions  would  be  invaluable  to  minimize  the  cost  of  the  post¬ 
accelerator.  ECR  (Electron  Cyclotron  Resonance)  sources 
do  produce  such  multiple  charge  beams  efficiently,  and 
there  exists  two  such  sources  on-line  at  ISOL  type 
systems  at  the  TISOL  facility  [27]  and  at  Louvain-la-Neuve 

[13].  Considerably  more  time  must  be  devoted  to  system¬ 
atic  studies  with  such  systems  to  understand  more  about 
this  application  and  to  develop  the  optimum  system. 
Another  new  area  of  ion  source  technology  developments 
is  in  the  area  of  ISOL  based,  laser  ion  sources  [28].  These 
can  provide  very  pure  radioisotopic  ion  beams  and  more 
information  is  needed  on  the  universality  of  the  approach 
as  well  as  efficiency  measurements. 

D.  Post-Accelerators 

At  present  it  is  accepted  that  the  LIN  AC  is  the  optimal 
device  to  post  accelerate  the  radioisotopic  ion  beams  to 
some  desired  final  energy.  LINACs  demonstrate  high 
transmission  and  also  the  final  energy  can  be  increased 
at  a  later  date  In  a  straight  forward  manner.  Given 
appropriate  funding,  this  would  be  the  preferred 
accelerator  for  the  post  accelerator  of  a  major  RB  facility. 

The  low  velocity  (/9  >  0.0015)  ions  produced  by  the 
ISOL  device  will  have  q/A  ratio  of  at  least  1  /60  if  not  as 
small  as  1/240.  It  is  believed  that  the  best  device  to 
capture  and  provide  some  acceleration  is  an  RFQ  LINAC. 
While  an  2.1  m  in  length  prototype  RFQ  has  been  shown 
to  accept  low  beta  ions  (with  a  q/A  of  1/30  and  1  keV/u) 
[29],  further  developments  are  needed.  This  device  was  a 
split  vane  RFQ,  operating  with  a  duty  factor  of  about  10%. 
CW  operation  would  be  preferred  to  optimize  trans¬ 
mission.  In  addition  the  front  section  of  the  RFQ  required 
operation  at  a  variable  high  potential  to  compensate  for 
the  varying  masses  of  the  different  ions  that  come  from 
the  ISOL  device.  Finally  there  is  a  question  about  whether 
the  LINACs  including  the  RFQ  should  be  superconducting 
or  room  temperature.  With  the  technology  developments 
around  the  world,  it  appears  that  SC  LINAC  structures  are 
becoming  more  standard,  but  the  RFQ  does  pose  a 
challenge.  Projects  are  initiating  both  at  TRIUMF  [30]  and 
Argonne  [31]  on  some  of  these  questions. 

IV.  CONCLUSION 

The  field  of  radioactive  beam  science  is  now 
developing  at  an  accelerating  pace  and  has  allowed  the 
possibility  of  planning  for  experiments  previously 
considered  impossible.  In  turn,  there  is  a  strong  need  for 
more  research  and  development  studies  in  areas 
previously  not  considered  important.  A  large  number  of 
scientists  are  quite  interested  in  performing  experiments 
with  radioactive  beams  and  accelerator  scientists  and 
engineers  are  strongly  encouraged  to  turn  their  attention 
to  addressing  some  of  the  questions  being  asked. 
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Abstract 

The  Experimental  Storage  Ring  ESR  —  part  of  the  heavy 
ion  accelerator  facilitiy  at  GSI  —  started  operation  early 
in  1990.  This  paper  informs  about  the  progress  achieved 
in  accumulation,  electron  cooling  and  internal  experiments 
with  fully  stripped  heavy  ions  from  08+  to  U92+  at  energies 
between  90  MeV/u  and  300  MeV/u.  Rf-stacking  combined 
with  compression  in  phase  space  by  electron  cooling  turned 
out  to  be  a  very  effective  accumulation  technique.  Maxi¬ 
mum  numbers  of  stored  ions  for  heaviest  ions  are  deter¬ 
mined  by  the  equilibrium  between  accumulation  rate  and 
beam  loss  rate  due  to  radiative  electron  capture  of  cooler 
electrons.  Beam  currents  for  lighter  ions  up  to  Ar18+  are 
limited  by  coherent  instabilities.  First  excellent  results  of 
internal  experiments  with  cooled,  circulating  beams  of  eit¬ 
her  primary  ions  or  of  secondary  nuclear  fragments  confirm 
that  the  combination  of  the  heavy  ion  facility  Unilac  SIS 
FRS  with  the  storage  ring  ESR  offers  unique  possibilities 
for  atomic,  nuclear  and  accelerator  physics. 

1  HEAVY  ION  FACILITY  AT  GSI 

1.1  The  Unilac/SIS/FRS  Complex 

The  first  stage  of  the  accelerator  facility  at  GSI,  the  Uni¬ 
lac,  accelerates  heavy  ions  up  to  Uranium  to  variable  ener¬ 
gies  in  the  range  1.4  to  17  MeV/u.  In  1992  a  new  high 
charge  state  injector  combining  an  ECR  source  with  RFQ 
and  III  accelerating  sections  came  in  operation  as  an  alter¬ 
native  to  the  old  Wideroe  pre  stripper  section.  Now  the 
Unilac  is  able  to  supply  low  energy  experiments  and  the 
injection  line  for  the  heavy  ion  synchrotron  SIS  [1]  in  a  fast 
time  sharing  mode,  based  on  the  50  Hz  macro-structure 
of  the  beam,  with  different  ions  species  and  different  spe¬ 
cific  energies.  The  18  Tm  machine  SIS  extended  in  1989 
the  range  of  available  ion  energies  to  2  GeV/u  for  Ne10+  - 
and  to  1  GeV/u  for  U72+-ions.  Up  to  the  present,  the 
SIS  has  accelerated  many  different  ion  species  from  d+  to 
U72+  to  energies  between  100  MeV/u  and  2  GeV/ii.  Ma¬ 
ximum  intensities  of  2  x  1010  light  ions  as  ()8+  and  more 
than  1  x  107  heaviest  ions  as  Bi67+  per  accelerating  cycle 
have  been  attained  by  radial  stacking  of  up  to  40  effec¬ 
tive  turns  [2]  at  the  injection  energy  of  11.4  MeV/u.  Up 
to  three  users  can  be  supplied  by  the  SIS  with  beams  of 
strongly  different  energy  in  a  time  sharing  mode  from  cy¬ 
cle  to  cycle.  Slow,  resonant  beam  extraction  with  up  to 


10  s  spill  duration  may  alternate  likewise  with  fast  bunch 
ejection  using  the  same  extraction  line.  Fast  ejection  is 
used  mainly  to  supply  the  ESR  in  the  “double  shot”  mode, 
in  which  two  of  the  four  SIS-bunches  are  transferred  by 
two  steps  to  rf- buckets  of  the  half  sized  storage  ring  [2]. 


Figure  1:  Typical  distribution  spectra  after  acceleration 
in  SIS:  for  atomic  charge  states  after  one  more  stripping  in 
20  mg/cmz  Cu  of  Bi67+  at  230  MeV/u  (top)  and  for  nuclear 
fragments  of  t97Au  at  950  MeV/u  after  a  thick  Al  target 
at  different  settings  of  the  FRS. 

Production  of  fully  stripped  ions  with  atomic  numbers 
Z  >  36  requires  one  more  stripping  in  the  transfer  beam 
line.  Alternatively,  the  transferred  bunches  may  pass 
through  a  thick  production  target  followed  by  the  large 
FRraginent  Separator  FRS  [3].  By  this  way,  separated  be¬ 
ams  of  nuclear  projectile  fragments  are  delivered  to  ESR 
for  injection,  cooling  and  eventually  accumulation.  Ex¬ 
amples  for  charge  state  distributions  after  the  stripper  and 
for  nuclear  fragment  distributions  after  the  production  tar¬ 
get  and  the  FRS  are  displyed  in  fig.  1,  beam  transfer  lines 
between  the  rings  are  shown  in  fig.  2. 
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Figure  2:  ESR  with  beam  transfer  lines  from  and  to  SIS. 


1.2  Experimental  Storage  Ring  ESR 

The  ESR  design  has  been  described  in  detail  at  past  con¬ 
ferences  [4],  an  impression  of  the  ring  structure  is  given  in 
fig.  2.  The  following  brief  list  may  help  to  remind  of  most 
important  ring  features. 

•  The  maximum  bending  power  of  10  Tm  allows  sto¬ 
rage  of  fully  stripped  ions  at  maximum  energies  between 
560  MeV/u  (U92+)  and  834  McV/u  (Nc10+). 

•  Large  acceptances  in  combination  with  flexible  lattice  op¬ 
tics  are  provided  for  beam  accumulation,  cooling  of  “hot” 
beams,  storage  of  multi  component  beams,  and,  not  least, 
for  beam  injection  and  extraction. 

•  Electron  cooling  (EC)  at  variable  beam  energies  from  30 
to  560  MeV/u  serves  for  beam  briiiance  as  high  as  possi¬ 
ble.  It  plays  also  an  important  role  for  beam  accumulation 
and  for  internal  experiments  and  facilitates  the  diagnosis 
of  beam  and  lattice  parameters. 

•  Special  equipment  is  installed  for  investigations  of  inter¬ 
actions  between  cooled,  circulating  ions  and  internal  gas 
jet  atoms,  free  cooler  electrons  or  laser  beams. 

•  Acceleration  or  deceleration  of  cooled  beams  of  fully  strip¬ 
ped  ions  is  in  preparation  for  internal  experiments  at  varia¬ 
ble  energy.  Slow  and  fast  extraction  shall  supply  external 
experiments  with  highly  brillant  beams. 

•  Beam  diagnosis  applies  mainly  modern  Schottky  and 
beam  transfer  function  (BTF)  techniques.  Active  damping 


of  coherent  transverse  beam  oscillations  has  been  practi¬ 
sed  already  with  some  success.  Emittances  of  circulating 
beams  can  be  determined  in  a  non  destructive  way  using 
several  movable  position  sensitive  particle  detectors,  which 
deliver  transverse  distributions  of  ions  after  radiative  elec¬ 
tron  capture  (REC)  in  the  cooler  or  in  the  internal  gas 
jet. 


2  APPLICATION  OF  ELECTRON 
COOLING 

Recent  results  of  electron  beam  cooling  at  the  ESR  are 
presented  in  a  separate  contribution  to  this  conference  [5]. 
the  importance  of  the  EC  device  [5]  for  ring  operation  and 
internal  experiments  may  be  deduced  from  following  selec¬ 
tion  of  examples. 

2.1  Beam  Accumulation 

Beam  accumulation  in  the  ESR  is  done  by  combining 
the  conventional  rf-stacking  method  with  electron  cooling. 
The  electron  energy  is  suitably  switched  between  injection 
and  stack  levels.  At  first,  the  injected  bunches  are  compres¬ 
sed  in  order  to  avoid  beam  loss  during  deceleration  to  the 
stack.  This  is  shown  in  fig.  3  by  two  longitudinal  Schottky 
scans  at  different  times  after  injection.  The  coasting  stack 
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Figure  3:  Combined  Rf  stacking  and  electron  cooling  de¬ 
monstrated  by  longitudinal  Schottky  scans  at  different  ti¬ 
mes  t  after  bunch  injection:  (a)  /  =  2000  ms:  cooled  bun¬ 
ches  arc  still  on  injection  orbit  (right)  and  modulate  the 
coasting  stack  (left)  due  to  somewhat  faster  circulation, 
(b)  t  =  2050  ms:  bunches  are  decelerated  to  the  stack, 
while  the  rf  amplitude  is  decreased  already. 
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is  cooled  in  the  time  between  subsequent  stacking  proces¬ 
ses.  Since  the  phase  space  is  “cleaned”  all  the  time,  beam 
accumulation  is  limited  by  other  effects  rather  than  by 
phase  space.  One  of  the  principle  beam  current  limits  for 
this  technique  is  determined  by  the  equilibrium  between 
the  REC  rate  in  the  electron  cooler  and  the  accumulation 
rate.  For  high-Z,  high  q  ions  the  REC  rate  (oc  q 2)  is  high 
and  the  primary  intensity  is  relatively  low,  mainly  because; 
of  repeated  stripping  in  the  Unilac,  before  injection  to  and 
after  acceleration  in  SIS.  With  Au79+  at  270  MeV/u,  for 
instance,  a  saturation  current  of  1.4  inA,  corresponding  to 
6  x  I07  stored  ions,  was  attained  recently.  The  observed 
REC  loss  rate  of  about  5  x  10_4/s  is  consistent  with  the 
injection  of  nearly  4  x  I05  ions  (10  pA)  every  13  s.  For  coo¬ 
led  light  ion  beams  ( Z  <30),  primary  intensities  are  much 
higher  and  REC  loss  rates  considerably  lower.  Up  to  now, 
the  beam  current  is  limited  in  this  case  to  about  7  mA  by 
coherent  —  mainly  transverse  —  instabilities.  Some  suc¬ 
cess  has  been  achieved  already  by  an  active  feedback,  the 
sources  of  high  narrow  band  impedances  in  the  frequency 
range  20  to  40  MHz,  probably  ferrite  kickers,  clearing  elec¬ 
trodes  with  cables  or  the  electrostatic  septum,  have  to  be 
found  and  deactivated  in  order  to  achieve  essential  beam 
current  increase.  For  higher-Z  ions,  the  coherent  oscilla¬ 
tions  seem  to  be  damped  more  and  more  by  intra  beam 
scattering  (IBS),  which  increases  the  equilibrium  momen¬ 
tum  spread  in  cooled  beams  approximately  oc  Z  (see  fig.  4). 
A  list  of  ion  species,  energies  and  beam  currents  stored  and 
cooled  in  the  ESR  is  given  in  table  1. 

'Fable  1:  Ions,  energies  and  beam  currents  in  ESR  by 
April  1993.  The  major  part  of  beam  currents  l j  (number 
of  ions  Ni)  has  been  recorded  during  physics  experiments 
and  may  not  be  considered  as  upper  limits. 


Ion 

Energy 

Ni 

/. 

1808+ 

150  MeV/u 

1.1  x  109 

2.0  mA 

20Nel0+ 

250  MeV/u 

2.6  x  109 

7.0  mA 

40^18+ 

250  MeV/u 

4  x  108 

2.0  mA 

58[vfj2S+ 

250  MeV/u 

1  x  109 

6.0  mA 

84Kr36+ 

150  MeV/u 

1  x  108 

0.9  mA 

129Xe54+ 

250  MeV/u 

4  x  108 

6.0  mA 

163t)y66+ 

297  MeV/u 

1  x  108 

2.0  mA 

,97Au79+ 

270  MeV/u 

6  x  107 

1.4  rnA 

209jj|82+ 

230  MeV/u 

5  x  107 

1.2  mA 

238  ^92+ 

300  MeV/u 

2  x  107 

0.6  inA 

At  energies  above  90  MeV/u  the  life  time  of  fully  strip¬ 
ped  or  few-electron  ions  is  determined  only  by  REC’  in  the 
cooler.  With  an  EC  current  of  1  A  the  life  time  of  Nc10+ 
beam  at  150  MeV/u  is  nearly  7  hours.  Though  REC’  rates 
increase  approximately  oc  q,  comfortable  life  times  of  about 
1  h  have  been  achieved  also  for  U92+  and  Au79+  beams 
by  applying  low  EC  current,  e.g.  100  mA,  without  major 
reduction  of  the  beam  quality,  even  if  ion  beam  currents 
are  in  the  mA  range.  Beam  loss  due  to  residual  gas  inter¬ 
action  at  pressures  <10_I°  mbar  is  negligible  compared  to 


Figure  4:  Equilibrium  momentum  spread  bp/p  in  electron 
cooled  beams  vs.  number  of  stored  ions  A,- . 

that  caused  by  REC  in  the  cooier.  A  quite  different  situa¬ 
tion  is  expected  at  low  energies  of  about  10  MeV/u  or  with 
partially  stripped  ions  (Z  —  q  ^  1).  For  example,  stron¬ 
gly  reduced  life  times  of  300  s  were  observed  with  Bi67+ 
at  230  MeV'/u  and  only  10  s  with  Ni15+  at  150  MeV/u, 
due  to  electron  stripping  at  an  average  residual  pressure  of 
about  5x  10" 11  mbar.  In  experiments  with  the  internal  gas 
jet  target  the  beam  life  is  dominated  by  charge  changing 
processes  in  the  target  itself.  With  an  Ar  jet  of  6  x  1012 
atoms/cm2  thickness  a  beam  of  fully  stripped  Dy66+  ions  at 
290  MeV/u  lived  only  150  s,  mainly  due  to  REC  of  bound 
target  electrons. 

2.2  Multi-Component  Beam  Storage 

The  large  momentum  acceptance  of  the  ESR  and  a  special 
lattice  optics  with  small  dispersion  on  long  straight  sections 
makes  it  possible  to  store  and  cool  simultaneously  more 
than  one  charge  state  of  an  ion,  e.g.  two  for  Kr  ,  three  for 
Au  ,  and  even  four  for  U  ions.  The  secondary  charge  states 
are  populated  by  sequential  REC  in  the  cooler  and  are  fixed 
to  at  nearly  the  same  velocity  by  the  cooler.  Therefore,  the 
relative  frequency  differences  are  determined  only  by  orbit 
length  differences  A  C/C  due  to  charge  differences  Aq/q: 

M  =  =  (1, 

Jq  <q  it  7 

Charge  states  q  are  known  exactly  and  mean  Schottky 
frequencies  of  cooled  beams  can  be  measured  with  high  ac¬ 
curacy.  Hence,  the  transition  point  for  the  given  lattice 
optics,  7 (,  can  be  derived  with  an  accordingly  high  preci¬ 
sion,  typically  in  the  order  of  1  x  10~4. 
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Other  effects  producing  multi  component  beams  in  the 
ESR  itself  are  nuclear  decay  of  stored  primary  nuclei  and 
nuclear  collisions  in  the  internal  gas  jet  target.  There  is  also 
strong  interest  to  inject  and  cool  secondary  beams  of  pro¬ 
jectile  fragments,  aiming  at  precise  mass  determination  for 
exotic  nuclides.  Electron  cooling  is  the  tool  to  reduce  the 
momentum  spread  to  extremely  low  values  with  a  twofold 
profit.  Both  the  spectral  density  in  longitudinal  Schottky 
spectra,  i.  c.  the  sensivity,  and  the  precision  of  mass  deter¬ 
mination  are  enhanced  essentially.  A  precise  determination 
of  7 (  is  of  comparable  importance  for  planned  mass  mea¬ 
surements  as  are  reproducibility  and  stability  of  both  the 
magnetic  bending  field  and  the  accelerating  voltage  of  the 
electron  cooler. 

2.3  Cooling  of  Radioactive  Beams 

Injection  and  cooling  of  radioactive  beams  from  the  FRS 
was  demonstrated  with  fragments  of  20Ne  at  250  MeV/u  by 
means  of  longitudinal  Schottky  spectra  recorded  immedia¬ 
tely  after  injection  and  cooling  to  equilibrium.  Besides  the 
strong  band  from  the  primary  20Ne,  two  weak  bands  from 
the  isotonic  fragments  18F  and  14 N  were  clearly  separated 
in  the  spectrum,  though  the  intensity  fraction  of  fragments 
was  only  about  2  x  10-3.  As  in  the  case  of  different  ionic 
charge  states,  all  nuclei  are  cooled  to  the  same  velocity. 
Using  a  precise  experimental  value  for  7,  the  masses  were 
determined  with  an  relative  error  below  l  x  10-5.  Scans 
with  higher  resolution  show  that  relative  errors  of  peaks 
may  touch  the  10“ 7  range  (see  fig.  5).  Even  better  pre¬ 
cision  should  be  attained  by  means  of  operating  the  ring 
near  transition  using  a  setting  with  low  jt. 

Compared  to  typical  cooling  times  for  primary  beams  of 
less  than  1  s,  electron  cooling  of  2<1Ne  fragment  beams  to 
equilibrium  required  between  10  s  and  20  s.  This  time  will 
be  reduced  hopefully  by  a  factor  of  10  after  the  planned 
installation  of  stochastic  pre  cooling. 

2 A  Free  Electron  Target 

The  EC  beam  has  been  applied  also  as  free  electron  target 
with  variable  energy,  Wr,  in  the  center  of  mass  frame  of 
ions.  The  energy  is  varied  by  suitably  pulsing  the  acce¬ 
lerating  voltage  of  the  EC  device  or  by  applying  a  pulsed 
voltage  of  ±5  kV  to  a  drift  tube  in  the  cooling  section. 
Both  methods  were  combined  in  a  recent  experiment  on 
di  electronic  recombination  processes  in  order  to  increase 
the  range  for  Wr.  For  this  experiment,  the  desired  beam 
of  Li-Iikc  Au7fi+  has  been  breeded  from  the  primarily  ac¬ 
cumulated  beam  of  He-likc  Au'7+.  The  rate  of  recombi¬ 
ned  Au75+  ions  was  then  measured  as  a  function  of  Wr 
by  using  one  of  the  particle  detectors  mentioned  above  [8]. 
Other  experiments  using  the  cooler  as  free  electron  target 
are  the  investigation  of  REC  by  means  of  X  ray  spectra 
in  coincidence  with  recombined  particle  detection  and  the 
study  of  laser  induced  electron  capture  (LIREC)  to  high  n 
states,  a  process  of  simultaneous  interaction  beween  pho¬ 
tons,  electrons  and  highly  charged  ions. 


3  INTERNAL  TARGET 
EXPERIMENTS 

3.1  Internal  (las  Jet 

The  internal  supersonic  gas  jet  is  produced  by  a  Laval 
nozzle  and  a  four  stage  differential  pumping  and  skimming 
system.  After  crossing  the  interaction  chamber  in  vertical 
direction  over  a  free  distance  of  70  111111,  the  jet  enters  a  four 
stage  dump  [7].  The  jet  diameter  is  less  than  5  111m,  the  ma¬ 
ximum  thickness  at  the  interaction  point  is  presently  about 
6  x  1012  atoms/cm2  for  Argon  and  2  x  1012  atoms/cm2  for 
Na-  The  maximum  UHV-pressure  in  surrounding  cham¬ 
bers  is  in  the  low  10~9  mbar  range  and  contributes  appro¬ 
ximately  1%  to  the  total  target  thickness.  It  should  be 
noted  that  the  acceptances  of  the  ESR  are  not  affected  by 
the  jet  target,  i.  e.  there  are  no  aperture  limitations  in  ion 
beam  direction. 

Taking  into  account  the  numbers  of  stored  ions  gi¬ 
ven  in  table  1,  the  presently  available  luminosity  for  in¬ 
ternal  target  experiments  range  from  1  x  1027cm-2s~’  to 
2x  1028cm_2s_  1 ,  depending  on  ion  species  and  target  gas. 
The  design  value  of  lx  I030cm-2s~1  is  hoped  to  be  attained 
by  improvements  of  the  jet  apparatus  and  by  increasing  ion 
beam  currents. 

3.2  Beam  Target  Interaction 

The  internal  gas  jet  has  been  applied  to  measurements  of 
REC-  and  stripping  cross  sections  for  various  ions  and  for 
X  ray  spectroscopy  of  H  like  ions  after  REC  in  the  tar¬ 
get.  It  played  also  an  important  role  for  the  investigation 
of  a  certain  mode  of  nuclear  decay  (see  below).  The  plot 
of  fig.  5  demonstrates  that  Schottky  spectroscopy  is  app¬ 
licable  for  the  analysis  of  nuclear  interactions  of  electron 
cooled  circulating  heavy  ions  in  the  jet  target.  It  was  re¬ 
corded  after  about  400  s  interaction  of  a  cooled  163I)y66+ 
beam  with  an  Ar  jet  and  subsequent  switching  off  the  jet. 
The  highest  (cut)  band  comes  from  the  primary  beam.  Se¬ 
veral  small  lines  indicate  secondary  nuclides  produced  in 
the  jet.  which  are  stored  and  cooled  simultaneously  with 
the  primary  beam.  The  larger  rightmost  peak  is  explained 
below.  The  small  6p/p  ssl.8  x  10  fi  indicates  that,  due  to 
the  momentum  dispersion,  the  secondary  components  cir¬ 
culate  on  orbits,  which  are  well  separated  from  that  of  the 
intense  primary  beam,  where  they  would  be  heated  by  IBS. 

3.3  Decay  of  Stored  Nuclei 

There  an?  some  stable  nuclide's  getting  0'  unstable  as  soon 
as  the  electron  cloud  has  been  stripped  off.  The  low  Q 
value  of  the  decay  forbids  the  emitted  electron  to  escape 
from  the  nuclear  Coulomb  field.  The  electron  is  bound  to 
innermost  electronic  shells.  The  first  experimental  proof  of 
this  bound  state  decay  (BBD)  took  place  in  1992  at 
the  ESR  [9].  Primary  ,fi:,|)y66+  nuclei  decayed  during  long 
term  storage  to  ll-like  ,fi3Ho86+  ions,  which  have  practi¬ 
cally  the  same  mass  to  charge  ratio  as  the  primary  ions 
and,  therefore,  circulate  on  the  same  orbit  as  the  primary 
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Figure  5:  Longitudinal  Schottky  scan  of  stored  and  cooled  nuclear  fragments  produced  in  ESR.  at  290  MeV/u  in  the 
internal  gas  jet  from  primary  163DyGG+  (large  cut  band).  The  peak  assigned  to  lG3IloG7+  —  about  20000  out  of  2  x  107 
primary  nuclei  results  from  bound-state  (3~  decay  (see  text).  Spectra  with  higher  frequency  resolution  allow  precise 
mass  and  cross  production  cross  section  measurements. 
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ions.  Orbit  separation  was  possible  by  stripping  in  the  in¬ 
ternal  gas  jet  to  fully  stripped  l<)3Ilo’,7+  nuclei,  which  were 
counted  then  by  a  particle  detector.  Alternatively,  after  re¬ 
moving  the  detector  out  of  the  aperture,  the  1G3IIoG7+  were 
stored  simultaneously  with  the  primary  beam  and  appea¬ 
red  as  a  separate  band  in  the  Schottky  spectrum,  which  is 
visible  in  fig.  5  as  the  larger  rightmost  peak.  The  amount  of 
daughter  nuclei  or  the  peak  height  in  the  Schottky  scan 
normalized  to  the  primary  intensity,  was  measured  as 
a  function  of  storage  time.  However,  the  precise  determi¬ 
nation  of  the  BBD  life  time  tbbu  required  complementary 
measurements  of  nuclear  and  atomic  cross  sections  for  other 
charge  states  and  isotopes.  The  vah''-  c.m.)=  50  d 

±16%  was  found  by  the  detector  method  as  well  as  by 
Schottky  spectroscopy.  Similar  experiments  are  envisaged 
for  205T181+  — ►  205PI)8,+  with  predicted  thud  &  100  d  and 
187Ke75+  — ►  l870s75+  with  thhi)  «  10  y. 

4  CONCLUSION  AND  OUTLOOK 

The  commissioning  of  the  ESR  is  by  far  not  complete  and 
will  probably  never  be  completed  as  long  as  new  ideas  for 
experiments  are  created.  But  three  years  of  commissio¬ 
ning,  operation  and  internal  experiments  at  the  ESR  con¬ 
firm  that  the  ring  is  a  highly  versatile  instrument.  It  gi¬ 
ves  access  to  new  physical  systems  and  novel  experimental 
methods  with  highest  precision  and,  not  least,  with  com¬ 
fortable  luminosity. 


Next  steps  of  more  apparative  developments  are  dece¬ 
leration  of  fully  stripped  ions,  “ramped”  operation  of  the 
electron  cooler  at  strongly  different  energies  and  installa¬ 
tion  of  a  stochastic  pre-cooling  for  hot,  radioactive  be¬ 
ams.  Our  interests  in  beam  physics  are  concentrated  on 
investigations  of  current  and  quality  limitations  of  electron 
cooled  bunched  and  coasting  beams,  including  investiga¬ 
tions  of  impedances  and  IBS.  Further  experiments  shall 
deal,  e  g.,  with  beam  loss  by  charge  changing  processes  and 
di  electronic  recombination  for  electron  rich  ions,  on  line 
monitoring  of  the  beam  target  luminosity,  and  fast  bunch 
compression  methods  for  the  production  and  investigation 
of  hot,  dense  plasms  in  solids. 
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Abstract 

The  main  components  of  the  new  facility  are  a  six  sec¬ 
tor  variable  energy  ring  cyclotron  and  a  beam  circulation 
ring  linked  to  a  high  precision  dual  magnetic  spectrograph 
system,  a  neutron  TOF  facility  with  a  100m  neutron  flight 
tunnel  and  a  heavy  ion  secondary-beam  facility. 

The  beams  extracted  from  the  RCNP  AVF  cyclotron 
are  transported  through  one  of  the  beam  lines  of  the  old 
facility  and  injected  into  the  ring  cyclotron.  With  this 
accelerator  system,  beams  of  p,  d,  3He,  alpha  and  light- 
heavy  ions  are  available  in  the  wide  range  of  energies  of 
up  to  400,  200,  510,  400  and  400-Q2/A  MeV,  respectively. 
An  emphasis  is  placed  on  the  production  of  high  quality 
beams  to  enable  precise  experiments. 

These  beams  are  extracted  with  single  turn  extraction 
mode  with  flat-topping.  Beam  energy  width  of  80  keV  was 
achieved  for  300  MeV  proton.  Energy  resolution  of  25  keV 
and  35  keV  were  obtained  with  high  resolution  spectro¬ 
graph  Grand  Raiden  by  using  dispersion  matching  for  300 
MeV  and  400  MeV  proton  inelastic  scattering  spectra,  re¬ 
spectively.  A  very  short  polarized  proton  beam  pulse  of 
150  ps  was  achieved  for  neutron  TOF  experiment. 

I.  INTRODUCTION 

The  Research  Center  for  Nuclear  Physics  was  founded 
in  1971,  as  a  national  user  facility.  A  K=  140  AVF  cyclotron 
[1]  and  precise  experimental  apparatus  were  used  during 
two  decades  by  many  researchers  in  Japan  and  abroad. 
After  intensive  design  study  of  new  facility,  “RCNP  Cy¬ 
clotron  Cascade  Project”  [2], [4]  was  proposed  in  1985,  to 


extend  the  high  precision  studies  into  energy  region  above 
threshold  energy  of  pion  production. 

In  1986  the  proposal  was  accepted  and  the  four  years 
cyclotron  construction  contract  was  made  with  manufac¬ 
turer  in  August  1987. 

The  main  components  of  the  new  facility  are  a  six 
separated  spiral  sector  cyclotron  (ring  cyclotron)  and  beam 
circulation  ring  linked  to  a  high  precision  magnetic  spectro¬ 
graph  Grand  Raiden  (p/Ap=39000,54  kGm)  and  a  Large 
Acceptance  Spectrograph  (p/Ap=5000,32  kGm),  a  neu¬ 
tron  TOF  facility  with  a  100m  neutron  flight  tunnel  and  a 
heavy  ion  secondary  beam  facility,  as  shown  in  Fig.  1. 

Installation  of  the  ring  cyclotron  was  started  in  Febru¬ 
ary  1990,  immediately  after  flnish  of  the  Ring  Cyclotron 
Hall.  On  December  1991,  the  first  extracted  beam  of  300 
MeV  protons  was  obtained  [7],  Figure  2  shows  the  photo¬ 
graph  of  the  ring  cyclotron. 

The  new  system  of  the  ring  cyclotron  had  been  tested 
and  many  improvements  were  made  for  the  initial  trouble 
of  operation.  These  systems  work  well  now  and  efforts 
being  continued  to  improve  beam  quality,  intensity  and 
stability  of  the  ring  cyclotr  n 

The  ring  cyclotron  is  energy  quadrupler  of  the  RCNP 
AVF  cyclotron.  Protons  and  alpha  particles  can  be  accel¬ 
erated  up  to  400  MeV.  Plan  view  of  the  ring  cyclotron  is 
shown  in  Fig.  3.  Three  single  gap  acceleration  cavities  are 
used  in  the  ring  cyclotron.  Frequency  range  of  the  cavity 


Fig.  2.  Photograph  of  the  RCNP  ring  cyclotron. 
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is  30~52  MHz  and  harmonic  numbers  of  acceleration  is  6, 
10,  12  and  18.  An  additional  single  gap  cavity  is  used  for 
flat-topping  with  3rd  harmonic  of  acceleration  frequency 
to  get  good  energy  resolution  and  wide  phase  acceptance. 
The  phase  acceptance  is  20°  for  energy  deviation  with  flat¬ 
topping  within  10-4. 

A  180° -single-dee  acceleration  cavity  is  used  in  the 
RCNP  AVF  cyclotron.  The  frequency  range  of  the  cavity 
is  5.5~19.5  MHz,  and  fundamental  and  3rd  harmonic  ac¬ 
celeration  modes  are  used.  Figure  4  shows  relation  between 
orbital  frequencies  and  acceleration  frequencies  in  the  AVF 
cyclotron  and  the  ring  cyclotron  for  various  ions  and  en¬ 
ergies.  The  characteristics  of  the  cyclotrons  are  given  in 


Table  1 


Table  1  Characteristic  of  cyclotrons 


AVF 

Ring 

No.  of  sector  magnets 

3 

6 

Sector  angle 

max  52° 

22~27.58 

Injection  radius(cm) 

200 

Extraction  radius(cm) 

100 

404 

Magnet  gap(cm) 

20.7  min 

6.0 

Max.  Magnetic  field(kG) 

19.5 

17.5 

Proton  max.  energy(MeV) 

84 

400 

Alpha  particle  energy(MeV) 

130 

400 

3He  energy(MeV) 

160 

510 

Weight  of  magnet(ton) 

400 

2200 

Main  coil  magnet(kW) 

450 

440 

No.  of  trim  coils 

16 

36 

Trim  coil  power(kW) 

265 

350 

No.  of  cavities 

1 

3(Acc.)  1(FT) 

RF  frequency(MHz) 

5.5~19.5 

30~52  90~155 

RF  power(kW) 

120 

250x3  45 

Fig.  4.  Orbital  frequencies,  acceleration  frequencies 
(Fa&Fr)  and  harmonic  numbers  of  acceleration  (Nh)  in 
the  RCNP  AVF  cyclotron  and  the  RCNP  ring  cyclotron 
for  various  ions  and  energies.  M  is  ratio  of  the  acceleration 
frequency  of  the  ring  cyclotron  to  the  AVF  cyclotron. 

II.  MAGNETS  OF  THE  RING 

The  magnets  of  the  six  spiral  sector  ring  cyclotron 
was  designed  by  using  computer  code  FIGER  (artificial 
magnetic  field  distribution  generator)  and  the  results  of 
model  magnet  study  of  the  previous  proposal  [3].  Figure 
5  shows  calculated  field  distribution  with  the  code.  The 
sector  magnets  are  designed  as  isochronous  for  200  MeV 
proton  acceleration  without  trim  coil  current.  The  mea¬ 
sured  magnetic  field  distribution  are  quite  satisfactory  [8). 


Fig.  5.  A:  Designed  field  distribution  for  400  MeV  proton. 
B:  Designed  isochronous  fields  on  hill  center  for  various 
ions. 
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Figure  6  shows  comparison  between  betatron  frequencies 
calculated  from  the  measured  magnetic  field  and  the  de¬ 
signed  one. 

Figure  7  shows  the  structure  of  the  spiral  sector  mag¬ 
net.  36  pairs  of  trim  coils  are  mounted  on  the  pole  faces 
by  SUS  mild-steel  welded  bolts.  Each  trim  coil  is  insulated 
with  alumina-ceramics  coating.  The  radial  pole  edges  are 
shaped  stepwise  to  the  Rogowski’s  curve.  The  carbon  con¬ 
tent  of  the  forged  poles  and  rolled  iron  yokes  are  0.004% 
and  0.002%,  respectively.  The  median  plane  of  the  sector 
magnets  are  aligned  with  accuracy  of  ±0.2  mm.  How¬ 
ever,  on  400  MeV  proton  beam  acceleration,  30~50%  of 
the  accelerated  beam  was  lost  by  axial  oscillation  driven 
with  median  plane  error  near  uz  =  l  resonance,  on  the  orbit 


Fig.  6.  Comparison  between  betatron  frequencies  calcu¬ 
lated  from  the  measured  field  and  the  designed  one. 


Fig.  7.  Structure  of  the  spiral  sector  magnet. 


radius  between  3  and  4  m.  Three  supplementary  power 
supplies  are  installed  to  make  median  plan  corrections  by 
supplying  different  currents  for  the  top  and  bottom  of  the 
auxiliary  coil  of  the  main  coil  on  three  individual  sector 
magnets. 

III.  VACUUM  SYSTEM 

The  vacuum  chamber  of  the  ring  cyclotron  consists  of 
six  magnet  chambers,  three  acceleration  cavity  chambers, 
a  flat- topping  cavity  chamber  and  two  valley  chambers  as 
shown  in  Fig.  3.  The  gaps  between  these  chamber  Me 
sealed  by  pneumatic  expansion  seals.  These  seals  are  work¬ 
ing  quite  well  [5j.  The  ring  cyclotron  is  evacuated  down  to 
1  x  10-7  Torr  by  six  diffusion  pumps  with  double  chevron 
baffles  (2,500//sec  each  eq.),  three  16  inch  cryopumps 
(6,500f/sec  each)  with  gate  value  and  six  20  inch  cryo¬ 
pumps  (10,0001 /s ec  each). 

IV.  ACCELERATION  SYSTEM 

Figure  8  and  9  show  schematic  drawing  of  the  acceler¬ 
ation  cavity  and  the  flat-topping  cavity.  The  walls  of  the 
cavities  are  made  of  stainless  steel  50  mm  in  thickness  with 
water  cooled  copper  lining  5  mm  in  thickness.  The  walls 
can  not  withstand  atmospheric  pressure  under  evacuation, 
so  these  walls  are  supported  by  the  magnet  chambers.  Af¬ 
ter  full  assembly  of  the  ring  cyclotron,  full  power  test  of 
the  RF  system  and  baking  of  the  cavities  were  made  [9], 
The  variable  frequency  acceleration  cavity  is  tuned  with 
a  pair  of  rotatable  plates.  Figure  10  shows  radial  voltage 
distributions  of  the  acceleration  cavity  and  the  flat- topping 
cavity.  The  beam  phase  compression  factor  is  about  0.5. 

The  RF  power  of  the  flat-topping  cavity  leaks  easily  to 
outside  of  the  cavity,  for  asymmetric  setting  of  the  sliding 
shorts.  RF  shields  of  trim  coil  feed-through  were  set  on 
the  both  side  of  the  flat-topping  cavity. 

Acceleration  frequency  of  the  AVF  cyclotron,  gener¬ 
ated  by  a  frequency  synthesizer,  is  used  as  clock  signal  of 
the  ring  cyclotron  RF  system.  The  clock  signal  is  con¬ 
verted  to  acceleration,  flat-topping,  buncher,  intermediate 
and  various  local  frequencies.  The  intermediate  frequency 
is  used  in  phase  control  and  auto  tuning  servo  systems. 
Digital  phase  shifters,  0.03°/step,  are  working  well  on  455 
KHz  intermediate  frequency.  Achieved  stability  of  cavity 
voltage  and  phase  are  now  10-<  and  ±0.1°,  respectively. 

A  maximum  acceleration  voltage  of  530  keV  was 
achieved.  The  turn  separation  for  400  MeV  proton  accel¬ 
eration  at  injection  and  extraction  points  are  10  mm  and  3 
mm,  respectively. 
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Fig.  8.  Schematic  drawing  of  the  acceleration  cavity. 


Fig.  9.  Schematic  drawing  of  the  flat-topping  cavity. 


Fig.  10.  Voltage  distributions  of  the  acceleration  cavity 
and  the  flat-topping  cavity. 

V.  INJECTION  AND  EXTRACTION  SYSTEM 

The  maximum  designed  parameter  of  the  injection 
and  extraction  system  [6]  are  shown  in  Table  2.  Various 


improvement  of  capability  on  injection  and  extraction  ele¬ 
ments  were  made  in  1992.  These  system  is  working  satis¬ 
factory  as  designed. 

VI.  AVF  CYCLOTRON 

The  20°  phase  acceptance  of  the  ring  cyclotron  corre¬ 
spond  to  7°  and  4°  for  the  acceleration  frequency  of  the 
AVF  cyclotron,  since  the  ratio  of  acceleration  frequency  of 
the  ring  cyclotron  to  that  of  the  AVF  cyclotron  is  3  and  5 
for  proton  and  alpha  acceleration,  respectively. 

For  internal  ion  source,  an  internal  phase  slit  [l]  and 
a  post-  injector  beam  buncher  [9]  (energy  modulator  with 
energy  selector)  are  used  to  limit  the  beam  phase  width. 
A  new  beam  phase  selector  for  axial  injection  mode  was 
developed  as  shown  in  Fig.  11.  Efficient  phase  selection 
was  made  down  to  about  3°. 

In  order  to  get  high  quality  injection  beam  for  the  ring 
cyclotron,  the  six  dimensional  phase  space  volume  of  the 
injection  beam  is  limited  by  various  slits  between  the  ion 
source  and  the  ring  cyclotron.  The  beam  intensity  reduc¬ 
tion  about  10-2  in  the  process  is  very  serious  for  polarized 
beam  and  heavy  ion  beam.  A  new  high  intensity  polar¬ 
ized  proton  and  deuteron  ion  source,  a  new  axial  injection 
system  and  injector  beam  line  for  the  polarized  ion  source 
and  Neomafios  will  be  installed  in  August  1994. 


Fig.  11.  Beam  phase  selector  for  axial  injection  mode  of 
the  AVF  cyclotron. 

Table  2.  Parameters  for  400  MeV  beam 


Injection 

MeV 

Proton 

63.6 

a 

86.3 

MICl  AB 

Gauss 

+  1730 

+  1889.3 

MIC2  AB 

Gauss 

+550 

+551.1 

EIC1/EIC2 

kV/cm 

80 

59.1 

EEC1/EEC2 

kV/cm 

70 

38 

Electrode  gap 

cm 

1 

1 

MECl  AB 

Gauss 

-900 

-759.3 

MEC2  B 

kGauss 

10 

9.187 
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Fig.  12.  Obtained  Spectra.  168Er(p,p’)  reaction  at  Ef 

VII.  BEAM  DIAGNOSTIC  SYSTEM 

The  commissioning  of  the  ring  cyclotron  was  made 
with  various  kind  of  beam  diagnostic  elements  [10].  Efforts 
to  good  S/N  ratio  for  weak  beam  down  to  In  A  were 
made.  A  30  Hz  5th  order  (30dB/Oct)  low  pass  filter  is 
used  for  beam  current  measurement. 

For  beam  phase  measurement,  noise-free  phase  signal 
amplifier  for  acceleration  frequency  was  used.  5/3  and  8/5 
multiple  of  the  acceleration  frequency  are  used  for  phase 
measurement  of  proton  and  alpha,  respectively.  A  crystal 
filter  is  used  in  IF  amplifier  of  the  phase  signal  amplifier 
to  reduce  noise.  The  output  signals  are  averaged  by  a 
digital  oscilloscope  to  reduce  thermal  noise.  Relative  phase 
between  beams  can  be  measured  with  this  phase  probe  for 
beam  current  down  to  InA. 

VIII.  CONTROL  SYSTEM 

The  old  control  system  of  the  AVF  cyclotron  is  used 
without  any  modification.  The  new  computer  control  sys¬ 
tem  [ll]  consist  of  a  central  computer  (system  controller, 
/iVAX3500)  and  four  sub-computers  (group  controller, 
/iVAXII+3-rt- VAX  1000).  The  control  functions  of  the  ring 
cyclotron  are  distributed  to  the  five  computers  and  many 
intelligent  device-controllers.  The  new  operator  console  of 
the  ring  cyclotron  is  installed  near  by  the  old  operator  con¬ 
sole  of  the  AVF  cyclotron. 

IX.  ACCELERATED  BEAMS 

Polarized  and  unpolarized  protons,  deuterons  and  al¬ 
pha  particles  were  accelerated  up  to  the  designed  maxi¬ 
mum  energies,  400  MeV,  200  MeV,  and  400  MeV  respec¬ 
tively.  450  MeV  3He  beam  was  also  accelerated. 

The  beams  are  extracted  with  single  turn  extraction 
mode  with  flat-topping.  Beam  energy  width  of  80  keV  was 
achieved  for  300  MeV  proton.  Energy  resolution  of  25  keV 


AE=35  keV  (FWHM) 


Position(mm)  Ex  -» 


=300  MeV  and  MNi(p,p’)  reaction  at  Ep=400  MeV. 

and  35  keV  were  obtained  with  high  resolution  spectro¬ 
graph  Grand  Raiden,  as  shown  in  Fig.  12,  by  using  disper¬ 
sion  matching  for  300  MeV  and  400  MeV  proton  inelastic 
scattering  spectra,  respectively  [12].  A  very  short  polar¬ 
ized  proton  beam  pulse  of  150ps  was  achieved  for  neutron 
TOF  experiment. 
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Abstract 

The  Fermilab  Linac  Upgrade  will  increase  the 
linac  energy  from  201  MeV  to  401.5  MeV.  Seven 
accelerating  modules,  composed  of  805-MHz  side* 
coupled  cells,  will  accelerate  H~  beams  from  116.5  to 
4015  MeV.  The  side-coupled  structure  (SCS)  has  been 
built,  tuned,  tested  to  full  power,  and  placed  in  the 
linac  enclosure  along  side  the  operating  Linac.  All 
seven  accelerating  modules,  each  containing  four 
sections  of  sixteen  cells,  have  been  connected  to  12-MW 
power  klystrons  and  tested  to  full  power  for  a 
significant  period.  The  transition  section  to  match  the 
beam  from  the  201.25-MHz  drift-tube  linac  to  the  SCS, 
consisting  of  a  sixteen-cell  cavity  and  a  vernier  four- 
cell  cavity,  has  also  been  tested  at  full  power.  A  new 
transport  line  from  the  Linac  to  the  Booster  synchrotron 
with  a  new  Booster  injection  girder  is  to  be  installed. 
Removal  of  the  last  four  Alvarez  linac  tanks  (1165  to 
201  MeV)  and  beam-line  installation  of  the  Upgrade 
components  is  to  begin  in  early  June  1993  and  should 
take  about  12  weeks.  Beam  commissioning  of  the  project 
will  follow  and  normal  operation  is  expected  in  a  short 
period.  In  preparation  for  beam  commissioning,  studies 
are  being  done  with  die  operating  linac  to  characterize 
the  beam  at  transition  and  prepare  for  phase, 
amplitude  and  energy  measurements  to  commission  tire 
new  linac.  The  past,  present  and  future  activities  of  the 
400-MeV  Upgrade  will  be  reviewed. 

Introduction 

The  present  Fermilab  Linac  is  an  Alvarez-type 
drift-tube  (DT)  linac  consisting  of  nine  cavities 
operating  at  a  frequency  of  201.25  MHz  that  accelerates 
H~  ions  to  201  MeV.  The  Linac  operates  for  Booster 
injection  at  a  maximum  rate  of  15  pulses-per-sec  with  a 
pulse  length  of  30  ps  and  an  intensity  of  35  mA  [1].  At 
present  the  Booster  intensity  is  limited  to 
approximately  3x10*2  protons-per-cycle  due  to  a  large 
space  charge  tune  shift  during  injection.  Increasing  the 
energy  to  400  MeV  should  allow  beams  of  higher 
brightness  or  intensity.  Preserving  this  improvement 
through  the  following  accelerators  will  give  higher 
production  rates  for  antiprotons,  higher  brightness  and 
greater  luminosity  for  colliding  beams,  and  higher 
intensity  for  fixed-target  experiments.  The  Main 
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Injector  Project  is  intended  to  take  full  advantage  of 
this  improvement  [2]. 

To  achieve  400  MeV  the  present  linac  will  be 
modified  by  removing  the  last  four  cavities  and 
replacing  them  with  805-MHz  side-coupled  modules 
[3-6].  The  200-MeV  DT  linac  will  end  at  1165  MeV 
(Cavity  5)  to  inject  into  the  side-coupled  structure.  The 
first  section  of  the  SCS  is  an  805-MHz  transition  module 
for  longitudinally  matching  the  beam  into  the  first  SCS 
accelerating  module.  Seven  SCS  accelerating  modules 
will  take  the  beam  to  4015  MeV.  The  new  structure, 
which  is  63.7-m  long,  about  3  m  shorter  than  the  old 
cavities,  fits  within  the  present  enclosure  allowing  for 
a  new  transport  line  to  the  Booster.  The  SCS  therefore 
operates  at  approximately  three  times  the  average 
accelerating  gradient  of  the  older  linac. 

The  SCS  is  composed  of  seven  modules,  each 
assembled  from  four  16-cell  sections  and  three  bridge- 
couplers.  Power  for  each  module  is  fed  to  the  center 
coupler.  Each  module  is  powered  by  a  12-MW,  805- 
MHz  klystron.  The  nominal  peak  power  for  each 
module  with  35  mA  of  beam  is  about  10  MW.  The  new 
structure  is  designed  to  accelerate  up  to  50  mA  of  beam. 

General  Design 

Considerations  for  the  project  began  in  1986 
following  studies  and  realization  that  the  Booster  was 
limited  at  injection  and  could  be  improved  by  increasing 
the  Linac  energy  [2].  Several  linac  structures  were 
reviewed  and  doubling  of  the  Linac  energy  to  give  a 
significant  improvement  in  the  Booster  appeared 
possible. 

Two  structures  were  carefully  investigated  through 
studies  and  by  building  models  that  were  tested  to  high 
rf  power.  One,  the  disk-and-washer  was  considered  for 
its  efficiency  and  strong  coupling  however  its  mode 
structure  and  construction  appeared  uncomfortably 
complex  [7,8]-  The  other,  the  side-coupled  structure, 
appeared  easier  to  build,  better  understood,  and  has  a 
proven  history  as  demonstrated  at  Los  Alamos.  The 
SCS  was  chosen. 

The  Project  began  in  earnest  in  1989  with  approval 
from  the  DOE.  Refinements  of  the  basic  design 
parameters  were  done  using  the  SCS  to  achieve  the 
desired  energy  within  constraints  of  (he  present  tunnel 
length.  By  dividing  the  accelerator  into  seven 
accelerating  modules,  each  with  four  sections  of  sixteen 
cells,  a  solution  was  found  that  gave  acceptable  surface 
fields,  divided  the  accelerator  into  sections  that 
minimized  the  mechanical  variables,  gave 
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approximately  equal  power  to  each  module,  and 
achieved  an  acceptable  transverse  focusing  condition 
(see  Table  1)  (9].  Studies  on  early  prototype  cavities 
gave  an  indication  that  a  spark  rate  of  one  per 
thousand  for  the  total  structure  could  possibly  be 
achieved  [10]  corresponding  to  an  acceptable  beam  loss 
of  0.1%.  Refinement  of  die  nose-cone  shape  led  to  a 
significant  reduction  in  the  maximum  surface  field  and 
surface  area  with  little  effect  on  the  shunt  impedance. 
This  significantly  reduced  the  sparking  rate. 

Table  1.  General  Design  Parameters 


Initial  kinetic  energy  ({1=0.454) 

116.54 

MeV 

Final  kinetic  energy  ([1=0.714) 

401.46 

MeV 

Beam  current,  design 

50 

mA 

Repetition  rate 

15 

Hz 

Beam  pulse  length,  design 

<100 

(IS 

Length,  with  transition  section 

63.678 

1  m 

Transition  cavities 

2 

sections 

main  section  cells 

16 

cells 

vernier  section  cells 

4 

cells 

Accelerating  cavities 

7 

modules 

number  of  sections/module 

4 

sections 

number  of  cells/section 

16 

cells 

total  accelerating  cells  (7x4x16) 

448 

cells 

Bridge  coupler  length  between  sections 

3PX/2 

Module  separation 

30X/2 

Cavity  bore  radius 

1.5 

cm 

Frequency 

805.0 

MHz 

Accelerating  phase 

-32 

deg 

Average  axial  field 

8.07-7.09 

MV/m 

Maximum  surface  field 

36.8 

MV/m 

Kilpatrick  number 

(1=26  MV/m  «  805  MHz) 

1.42 

RF  power /module,  typical 

<12 

MW 

copper  losses 

7.2 

MW 

beam  power  (50  mA  beam) 

2.0 

MW 

control  and  reserve 

2.8 

MW 

Transverse  focusing 

FODO 

phase  advance/FODO  cell,  average  79 

deg 

Quadrupole  magnetic  length 

8.0 

cm 

poletip  bore  radius 

2.0 

cm 

poletip  field 

4.6 

kG 

Mechanical  Design 


A  mechanical  design  was  chosen  that  would  allow 
machining  of  cell  segments  from  class  1  OFHC  copper 
using  computer  controlled  machines  to  give  close 
tolerance  and  optimum  surface  finish.  The  copper  was 
obtained  from  Hitachi  Industries.  The  segments  were 
assembled  in  successive  steps  by  furnace  brazing  to  form 
a  section  of  sixteen  cells  (see  Figure  1)  [11]. 

All  cells  are  identical  within  a  section  with  the 
cell  length  corresponding  to  the  average  velocity  for 
the  section.  The  cell  dimensions  were  computed  using 


file  SUPERFISH  code  and  tested  for  frequency  using 
aluminum  models.  The  modeling  allowed  for  small 
corrections  that  could  be  fed  into  the  final  dimensions 
for  file  copper  cells  [12].  The  design  proved  to  be 
sufficiently  accurate  and  reproducible  that  the  final 
sections  and  modules  required  minimal  tuning  in  their 
final  stages  [13,14]. 


Figure  1.  Side-coupled  cavity  construction. 


The  section  ends  and  the  bridge  coupling  cavities 
required  special  attention  because  of  their  different 
geometry  and  unique  coupling  flange.  They  require  more 
tuning  and  specialized  machining  to  arrive  at  the 
correct  frequency. 

Radio-Frequency  Systems 

Each  of  seven  modules  of  the  Linac  Upgrade 
requires  a  12-MW,  805-MHz  rf  system  to  power  the 
cavities  and  accelerate  beam.  A  12-MW  klystron  is  the 
center  piece  of  each  system  powered  by  a  charging 
supply  and  an  SCR-switched  PFN  modulator  through  a 
20:1  step-up  transformer.  The  maximum  klystron 
voltage  is  180  kV  at  15-Hz  rate  and  a  pulse  length  of 
125  its.  The  pulsed  current  is  150  A.  The  klystron  was 
developed  by  Litton  Electron  Devices  (L-5859  klystron) 
for  this  project. 

The  rf  output  is  controlled  by  the  input  rf  drive  to 
the  klystron.  With  a  gain  of  -50  dB  the  input  power  is 
-100  W  from  the  low-level  system.  The  low-level 
system,  a  VXI  based  system,  monitors  the  module 
amplitude  and  phase  to  maintain  set  conditions  for 
accelerating  beam.  Besides  standard  feed-back  from 
the  modules,  learning  programs  using  the  error  signal 
are  used  to  improve  the  pulse  wave-form  [15]. 

The  transition  sections  and  a  "debuncher"  [16],  an 
energy  corrector  in  the  transport  line  to  the  Booster,  are 
powered  by  three  smaller  commercial  200-kW  klystrons 
from  Varian  Associates. 
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Computer  Controls 

A  new  control  system  was  installed  for  the 
Fermilab  Linac  and  the  Linac  Upgrade.  This  control 
system  was  implemented  for  the  Linac  Upgrade  and 
installed  for  the  operating  Linac  in  early  1992.  It  has 
been  a  very  useful  system.  The  system  uses  a  Token- 
Ring  network  to  interconnect  several  VMEbus  crates 
(Local  Stations)  to  each  other  and  through  a  bridge  to 
the  central  accelerator  control  system.  The  VME  crates 
contain  hardware  to  communicate  with  the  network 
and  control  die  Linac  at  15-Hz  rate.  Local  analog, 
digital,  binary  and  timing  control  with  the  accelerator 
devices  is  accomplished  by  a  "smart  rack  monitor" 
(SRM)  containing  a  MC68332  microcontroller  and 
interfaces  to  the  VME  crates  via  ARCnet  links  [17-19]. 

In  addition  to  communicating  with  the  Main 
Control  Room  consoles  die  Linac  Local  Stations  support 
TCP/IP  communications  on  Internet.  This  capability  is 
used  to  communicate  with  Macintosh  consoles  located  at 
the  klystron  control  racks  as  well  as  with  Macintosh 
and  Sun  workstations  located  in  laboratories  and  offices 
of  Linac  personnel. 

Diagnostics 

The  Linac  Upgrade  will  incorporate  several 
diagnostic  devices  to  give  the  needed  beam  information 
for  commissioning  and  operating  the  accelerator  [20].  In 
the  commissioning  phase  it  is  necessary  to  set  the 
proper  condition  for  transition  of  the  beam  from  the 
201-MHz  DT  linac  to  the  805-MHz  SC  linac,  to  set  the 
correct  amplitude  and  phase  of  each  accelerating 
module,  to  center  die  beam  in  the  aperture,  and  to 
measure  the  longitudinal  and  transverse  properties  of 
the  beam  especially  at  transition  and  output. 

In  the  transition  region  there  will  be  three 
horizontal  and  vertical  wire  scanners  for  measuring  the 
emittance  and  Twiss  parameters  of  the  beam  from  tank 
5  of  the  DT  linac.  This  section  will  also  contain  two 
bunch  length  monitors  of  the  secondary  electron 
emission  type  [21]  for  measuring  the  longitudinal  extent 
and  density  of  die  beam  before  and  after  the  transition 
rotation. 

In  the  accelerator  sections  the  open  spaces  are  only 
3{iX./2  between  sections  and  modules  or  14  cm  to  40  cm 
from  first  to  last  section.  In  each  section  there  is  a 
quad ru pole  of  8.6-cm  length  and  between  modules  there 
is  also  a  vacuum  valve.  Because  of  the  closeness,  the 
diagnostic  elements  have  been  selected  and  designed  to 
fit  into  the  remaining  space.  An  rf  beam  position 
monitor  (BPM)  is  located  within  each  quadrupole  to 
give  the  horizontal  and  vertical  beam  centroid.  Only 
alternate  planes  in  which  the  beam  is  large  will  be 
used  initially.  The  BPM's  together  with  strategically 
located  horizontal  and  vertical  trim  steering  magnets 
will  be  used  to  center  the  beam.  Where  possible,  there 


are  beam  current  toroids  and  beam  wire  scanners  (about 
one  per  module).  Similar  devices  will  be  located  in  the 
400-MeV  diagnostic  line  and  the  transport  line  to  the 
Booster. 

Resistive  wall-current  monitors  will  be  used  for 
measuring  the  relative  beam  phase  for  establishing  the 
rf  amplitude  and  phase  in  each  module.  The  correct  rf 
setting  for  a  module  can  be  determined  by  scanning  the 
beam  bunch  phase  some  distance  downstream  of  a 
module  relative  to  a  reference  signal  as  the  module 
phase  is  changed.  Comparing  the  scanned  signal  for  a 
full  cycle  to  the  theoretical  curve  will  provide  the  rf 
phase  and  amplitude  for  the  module.  This  phase-scan 
match  method  is  similar  to  the  delta-t  method  but 
somewhat  simpler  to  implement  [22-24]. 

Present  Status 

Presently  all  the  accelerating  modules  have  been 
built,  tuned  [25,26]  and  tested  in  a  test  concrete  cave  to 
shield  for  X-rays  using  the  prototype  klystron.  They 
were  run  to  full  power  for  an  extended  period  until  the 
spark  rate  was  acceptable  [27].  The  spark  rate 
decreased  to  acceptable  levels  with  approximately  4- 
6x10^  pulses  (<1  week). 

Early  last  year  the  transition  section  and  all  seven 
accelerating  modules  were  placed  in  the  Linac  enclosure 
along  side  the  DT  tanks  they  will  replace.  They  were 
connected  for  vacuum,  water  cooling  and  control,  and  rf 
power  and  monitoring.  As  klystrons  became  available 
they  were  installed,  and  with  the  modules,  operated  at 
full  power.  All  seven  klystron  rf  stations  and  their 
respective  modules  have  since  been  powered  to  full 
field,  without  beam,  for  an  extended  period  [28].  This 
has  given  an  opportunity  to  measure  the  characteristics 
of  the  rf  systems,  study  the  spark  rate,  and  find  early 
component  failures  and  problems. 

In  general  the  system  has  performed  well.  Initial 
difficulties  with  the  prototype  klystron  have  not  been 
seen  in  the  final  production  klystrons.  Of  eight 
production  klystrons  only  one  had  a  problem  due  to  poor 
vacuum  and  has  been  returned.  It  did  operate  at  full 
power  and  could  have  continued  operating.  The  other 
klystrons  have  all  gone  to  full  power  in  short  time  (~1 
hour  with  experience)  and  continue  to  operate  well. 
The  klystrons  now  have  a  total  of  25,000-hours 
operation  with  the  longest  being  7,000  hours  (375  x  10** 
pulses).  No  production  klystron  has  failed  in  service. 

Problems  have  occurred  with  the  charging 
transformers  for  the  rf  modulator  power  supplies.  These 
are  due  to  design  and  construction  errors  and  will  be 
repaired  before  the  linac  goes  into  commissioning. 

The  smaller  klystrons  for  the  transition  cavities 
have  also  been  installed  and  operated. 

For  the  Upgrade  the  computer  control  system  is 
fully  operational  and  the  operations  group  monitors 
and  controls  the  Upgrade  rf  systems  from  the  main 
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control  room. 

Installation  and  Commissioning 

Commissioning  of  the  Upgrade  is  to  begin  late  this 
summer  following  installation  of  the  beam  line 
components  and  required  approval.  As  a  minimum,  the 
installation  will  require  removing  the  last  four  tanks  of 
the  DT  linac  and  associated  equipment,  moving  die 
side-coupled  modules  from  their  present  position  in  the 
enclosure  to  their  final  beam  line  location,  installing 
the  quadrupoles,  diagnostics  and  beam  control 
components,  aligning  die  modules  and  quadrupoles,  and 
reconnecting  or  connecting  all  components.  At  the  same 
time  the  Booster  group  will  remove  and  replace  die 
transport  line  and  Booster  injection  girder  to  handle 
400-MeV  beams.  All  of  this  equipment  has  or  will  be 
tested  without  beam  as  fully  as  possible  before 
installation.  It  is  anticipated  that  installation  will 
take  ~12  weeks. 

Before  and  during  installation  the  Laboratory  will 
conduct  a  DOE  required  "Accelerator  Readiness 
Review"  for  the  Upgrade  project  to  obtain  DOE 
approval  for  commissioning  and  later  for  routine 
operation  [29]. 

Once  the  new  accelerating  structure,  transport  line 
and  all  necessary  equipment  are  in  placed  and  fully 
operational,  and  all  approvals  are  given, 
commissioning  of  the  Upgrade  with  beam  will 
commence.  Initially,  the  beam  current,  pulse  length  and 
repetition  rate  will  be  set  to  a  minimum  but  sufficient  to 
observe  beam.  This  will  minimize  die  risk  of  damage 
and  activation  to  the  beam-line  components  during 
initial  adjustments.  Radiation  safety  protection  to 
personnel  areas  outside  the  accelerator  enclosure  will  be 
maintained  by  radiation  monitors  that  will  inhibit 
beam  when  indicated  or  by  known  sufficient  passive 
shielding. 

With  low  intensity,  the  quadrupoles  will  be  set  and 
adjusted  to  transport  beam  through  the  structure  and  to 
the  dump.  Beam  current  toroids,  loss  monitors,  wire 
scanners,  rf  beam  position  monitors,  and  trim  steering 
magnets  will  also  be  used  to  monitor  and  adjust  the 
beam.  With  beam  transported  through  the  structure 
and  to  the  dump,  the  output  of  DT  tank  5  and  the 
transition  section  can  be  studied  and  adjusted.  Once  an 
acceptable  match  is  obtained  the  modules  of  the 
accelerating  structure  can  be  successively  turned  on  and 
tuned.  For  tuning  the  module  rf  parameters  a  variation 
of  the  Los  Alamos  delta-t  procedure,  which  has  been 
termed  the  phase-scan  match  method,  will  be  used. 
The  phase-scan  match  method  should  be  easier  and 
sufficient  for  achieving  our  initial  objective  of 
accelerated  beam.  Beam  time-of-flight  and 
spectrometer  momentum  measurements  will  be  used  for 
necessary  confirmation. 

With  low-intensity  400-MeV  beam  achieved,  more 


detailed  studies  can  be  done  to  improve  the  matching, 
steering  and  focus  of  the  beam,  improve  the  rf 
parameter  settings,  and  slowly  raise  the  intensity  and 
duty-factor.  During  this  time  the  Booster  400-MeV 
transport  can  be  studied  and  tuned,  and  beam  can  be 
injected  into  the  Booster. 

Once  sufficient  400-MeV  beam  is  established  to  the 
dump  and  Booster  transport  line,  tire  shielding  at  the 
high  energy  end  of  the  linac  enclosure  can  be  reassessed 
for  the  new  beam  energy. 

The  commissioning  period  is  anticipated  to  take 
about  5-6  weeks.  Following  commissioning  the  success  of 
the  program  will  be  reviewed  to  obtain  DOE  approval 
for  normal  operation.  The  timely  success  of  the 
installation  and  commissioning  programs  is  important 
to  the  Laboratory’s  schedule  and  physics  program.  The 
second  half  of  the  present  colliding  beams  (protons  on 
antiprotons)  program  is  to  resume  in  the  fall  of  1993.  It 
is  obvious  that  the  Linac  Upgrade  must  be  in  operation 
for  this  to  happen.  Also,  the  increased  intensity  will  be 
significant  in  reaching  the  antiproton  production  rate 
and  the  luminosity  to  carry  out  the  physics  program  for 
this  run. 
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Abstract 

The  absence  of  time  structure  and  the  excellent 
beam  and  beam  transport  properties  of  tandem 
electrostatic  accelerators  make  them  an  attractive 
choice  for  the  acceleration  of  a  large  class  of 
radioactive  ion  species  produced  with  the  ISOL 
technique.  In  this  paper,  considerations  on  the  use  of 
the  Holifield  facility  25-MV  tandem  accelerator  in 
the  ORNL  Radioactive  Ion  Beam  Facility  now  under 
construction  will  be  presented.  Preliminary  beam 
parameter  measurements  which  suggest  that  the  25- 
MV  tandem  accelerator  can  be  used  as  an  effective 
separator  of  isobaric  contaminant  beams  will  also  be 
presented  and  discussed. 

I.  INTRODUCTION 

The  ORNL  project  [1,2]  to  produce  medium- 
intensity,  proton-rich,  radioactive  ion  beams  (RIBs) 
for  astrophysics,  nuclear  physics,  and  applied 
research  with  the  Holifield  Heavy  Ion  Research 
Facility  (HHIRF)  accelerators  is  now  in  progress. 
Radioactive  atoms  will  be  produced  by  fusion 
reactions  in  an  Isotope  Separator  On-Line  (ISOL)- 
type  target-ion  source  assembly  using  intense  light 
ion  beams  from  the  Oak  Ridge  Isochronous 
Cyclotron.  The  radioactive  atoms  will  be  converted 
to  negative  ions  either  directly  in  one  of  several  types 
of  negative  ion  sources  or  by  charge  exchange 
following  positive  ionization.  After  acceleration  to 
approximately  300  keV  from  a  high-voltage  platform, 
these  negative  ions  will  be  injected  into  the  HHIRF 
25-MV  tandem  accelerator  [3-5]  for  acceleration  to 
higher  energies.  Beams  up  to  mass  76  can  be 
accelerated  to  energies  greater  than  5  MeV/nucleon. 
For  some  radioactive  beams,  intensities  greater  than  1 
pnA  are  possible. 

While  use  of  the  existing  HHIRF  tandem 
accelerator  was  clearly  dictated  by  its  availability,  it 
is  also  clear  that  tandem  accelerators  possess  a 
number  of  attributes  which  make  them  an  attractive 
choice  for  this  type  of  application.  The  most 
important  of  these  are  a  large  phase  space  acceptance 
for  the  injected  beam,  good  transmission  efficiency, 
the  absence  of  time  structure,  simplicity  and 
reliability,  the  ability  to  accelerate  singly  charged 
injected  beams  with  low  initial  velocity,  and  excellent 
accelerated  beam  quality.  The  latter  property  is 
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especially  important  because  of  its  implications  in 
regard  to  the  use  of  radioactive  beams  in  the  research 
program  and  because  high-quality  accelerated  beams 
create  the  potential  for  using  the  accelerator's  energy¬ 
analyzing  magnet  as  an  isobar  separator.  The 
potential  disadvantage  of  the  tandem  accelerator  is 
the  requirement  to  produce  and  inject  beams  of 
negative  ions.  In  the  remainder  of  this  paper,  some  of 
these  attributes  as  they  apply  to  the  HHIRF  tandem 
accelerator  will  be  discussed  along  with  some  more 
general  considerations  on  the  use  of  tandem 
accelerators. 

n.  INJECTED  BEAM  REQUIREMENTS 

Two  important  injected  beam  parameters  are 
minimum  energy  and  maximum  emittance.  In  the 
case  of  the  HHIRF  tandem  accelerator,  both  of  these 
parameters  are  strongly  influenced  by  the  fact  that  the 
tandem  accelerator  is  equipped  with  a  quadrupole 
lens  in  the  low-energy  acceleration  tube  at  a  position 
which  is  approximately  one-third  of  the  distance 
between  the  tube  entrance  and  exit  With  die  use  of 
this  lens,  the  low-energy  acceleration  tube  normalized 
acceptance  is  insensitive  to  injection  energy  if  the 
injection  system  can  provide  a  beam  waist  at  the 
entrance  of  the  low-energy  acceleration  tube  which  is 
approximately  equal  in  diameter  to  the  beam  waist  at 
the  terminal  stripper  [6].  In  practice,  this  condition 
cannot  be  satisfied  over  a  wide  range  of  injection 
energies  because  only  one  lens  was  provided  between 
the  image  waist  of  the  mass-analyzing  magnet  and 
the  entrance  of  the  low-energy  acceleration  tube  [7]. 
This  lens  was  positioned  to  provide  good  matching 
for  beams  of  approximately  300  keV  and  cannot  be 
easily  moved  because  of  its  location  with  respect  to 
the  pressure  vessel  boundary. 

The  effect  of  lower  injection  energies  was 
investigated  by  a  series  of  measurements  of  overall 
optimized  transmission  efficiency  for  seven  beams, 
typical  of  those  expected  for  the  RIB  facility,  at 
injection  energies  of  100,  200,  and  300  keV.  The 
essential  result  of  these  measurements  is  that 
transmission  efficiency  was  reduced  at  100  keV,  but 
not  at  200  keV,  indicating  that  the  tandem  injection 
energy  can  be  lowered  to  200  keV  without  a 
significant  effect  on  transmission  efficiency. 

Using  the  techniques  discussed  by  Larson  and 
Jones  [6],  it  is  possible  to  estimate  the  phase  space 
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acceptance  of  the  low-energy  acceleration  tube  as  a 
function  of  terminal  potential.  With  the  assumption 
of  a  9.5-mm-diameter  terminal  stripper  and  operation 
of  the  full,  unshorted  column,  the  calculated 
normalized  phase  space  acceptance  varies  between 
4.  In  mm  mrad  MeV1/2  at  a  terminal  potential  of 
1  MV  and  17.6«  mm  mrad  MeV1^2  at  a  terminal 
potential  of  25  MV.  These  values  of  acceptance  may 
be  compared  to  the  typical  value  of  8n  mm  mrad 
MeV1/2  (80%  fraction)  measured  for  sources  now 
being  used  with  the  tandem  accelerator  [8]  and  to  the 
value  of  approximately  2 n  mm  mrad  MeV1/2 
estimated  for  the  ISOLDE-type  source  planned  for 
initial  use  with  the  RIB  facility  [9]. 

It  should  be  noted  that  operation  of  the  tandem 
accelerator  with  an  unshorted  column  at  low  terminal 
potentials  will  require  installation  of  a  resistor-based 
voltage  grading  system  [10].  It  should  also  be  noted 
that  a  new  terminal  potential  stabilizer  system 
developed  at  ORNL  allows  stable  operation  of  the 
tandem  accelerator  using  only  a  generating  voltmeter 
to  monitor  the  terminal  potential.  Since,  in  this 
mode,  the  beam  is  not  used  for  terminal  potential 
stabilization,  there  is  no  minimum  injected  beam 
intensity  requirement  for  the  tandem  accelerator. 

HI.  ACCELERATED  BEAM  ENERGY 
AND  BEAM  TRANSMISSION 
EFFICIENCY 

Beam  transmission  efficiency  for  the  tandem 
accelerator  is  the  product  of  two  factors:  The  first 
factor  is  a  beam  loss  factor  which  describes 
transmission  losses.  This  factor,  which  has  been 
empirically  determined  from  operating  experience, 
depends  on  ion  mass  and  the  number  and  type  of 
strippers,  but  is  approximately  independent  of  charge 
state.  The  second  factor  is  the  product  of  charge  state 
fractions  in  the  various  strippers  which  may  be 
employed. 

For  use  as  a  RIB  accelerator,  it  is  assumed  that 
(1)  the  tandem  accelerator  will  be  used  only  with  a 
terminal  stripper,  (2)  charge  state  distribution 
functions  are  accurately  predicted  by  the  semi- 
empirical  parameterization  of  Sayer  [1 1],  and  (3)  use 
of  a  planned  resistor-based  voltage  grading  system 
[10]  will  enable  operation  at  terminal  potentials  up  to 
26  MV.  Maximum  accelerated  beam  energies  and 
corresponding  transmission  efficiencies,  estimated 
with  these  assumptions,  are  shown  in  Fig.  1.  With 
terminal  gas  stripping,  beams  of  mass  52  can  be 
accelerated  to  5  MeV/amu  with  a  total  efficiency  of 
20%.  With  terminal  foil  stripping,  beams  of  mass  76 
can  be  accelerated  to  5  MeV/amu  with  a  total 
efficiency  of  8%.  In  both  cases,  beams  of  lower 
masses  can  be  accelerated  to  higher  energies  with 
total  efficiencies  approaching  50%. 
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Fig.  1 .  Maximum  bum  energy  per  nudeori  and  total 
transmlcslon  efficiency  at  the  mod  probable  charge  state  lor 
the  tandem  accelerator  operated  with  gaa  and  loll  stripping  with 
the  terminal  potential  at  26  MV. 

IV.  ACCELERATED  BEAM 
EMITTANCE  AND  USE  OF  THE 
ENERGY-ANALYZING  MAGNET  AS 
AN  ISOBAR  SEPARATOR 

The  high  quality  of  tandem  accelerator  beams 
suggests  the  possibility  of  using  the  energy-analyzing 
magnet  as  an  isobar  separator.  In  the  simplest  mode, 
the  accelerator  would  be  operated  using  a  generating 
voltmeter  for  terminal  potential  stabilization  and  ions 
of  differing  mass  would  be  separated  at  the  image 
plane  of  the  energy-analyzing  magnet,  which,  in  the 
case  of  the  HHIRF  tandem  accelerator,  is  a  90° 
double-focusing,  n  =  0  magnet  with  mass  and  energy 
dispersion  =  3.35  m.  In  detail,  there  are  several 
questions  to  be  addressed:  (1)  What  is  the  intrinsic 
energy  spread  of  the  beam;  (2)  What  is  the  energy 
stability  of  the  beam  when  operating  with  generating 
voltmeter  stabilization;  and  (3)  What  is  the  emittance 
of  the  accelerated  beam. 

To  address  these  questions,  a  series  of 
measurements  were  made  with  160,  32S,  and  58Ni 
beams  at  energies  which  are  typical  of  those  expected 
for  the  new  RIB  facility.  The  essential  results  of 
these  measurements  may  be  summarized  as  follows: 

-  The  apparent  collective  beam  motion  in  the 
image-bending  plane  has  a  maximum  amplitude 
of  about  0.5  mm  peak-to-peak  with  a  dominant 
frequency  of  2.3  Hz.  This  apparent  collective 
motion  appears  to  have  at  least  two  components: 
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1.  A  component  which  appears  only  in  the 
image-bending  plane  and  is  thought  to  be 
due  to  tandem  terminal  voltage  fluctuations. 

2.  A  component  which  appears  in  both  the 
object  and  image  planes  and  is  thought  to  be 
either  an  artifact  of  the  measurement 
technique  or  real  beam  motion  resulting 
from  ion-optic  component  power-supply 
fluctuations. 

Contributions  of  this  apparent  motion  to  beam 
size  measurements  were  reduced  by  an  averaging 
technique. 

-  Beam  emittance  for  a  90%  beam  fraction  is 
typically  0.3-0.Sn  mm  mrad  for  gas  stripping  and 
l.Oic  mm  mrad  for  foil  stripping. 

-  Beam  widths  for  a  90%  beam  fraction  in  the 
image-bending  plane  are  typically  0.S  to  1.0  mm 
for  gas  stripping  and  1.4  mm  for  foil  stripping. 

-  With  the  addition  of  a  quadrupole  lens  upstream 
of  the  energy-analyzing  magnet,  beam  widths  for 
a  90%  beam  fraction  in  the  range  0.2  to  0.3  mm 
are  thought  to  be  achievable  with  gas  stripping. 
The  corresponding  mass  resolution  would  be  1 
part  in  11,000  to  16,500.  With  a  full-width-half¬ 
maximum  criterion,  the  corresponding  mass 
resolution  would  be  1  part  in  16,000  to  24,000. 

-  More  work  is  required  to  estimate  achievable 
beam  widths  with  foil  stripping. 

V.  DISCUSSION 

Without  further  modification,  the  HHIRF  tandem 
accelerator  can  serve  as  an  excellent  RIB  accelerator. 
It's  acceptance  and  minimum  injected  beam  energy 
requirements  are  well  matched  to  the  sources  planned 
for  the  ORNL  RIB  facility;  it  has  good  final  energy 
and  transmission  properties;  and  it  produces  high- 
energy  accelerated  beams  with  low  emittance  and 
energy  spread.  With  a  full-width-half-maximum 
criterion  for  mass  resolution,  the  accelerator,  as  now 
configured,  can  provide  mass  resolutions  of  the  order 
of  1  part  in  6000  for  terminal  gas  stripping  and  1  part 
in  3000  for  terminal  foil  stripping.  With  the  addition 
of  a  quadrupole  lens  upstream  of  the  energy - 
analyzing  magnet,  it  is  believed  that  the  mass 
resolution  with  terminal  gas  stripping  could  be 
improved  to  the  order  of  1  part  in  20,000.  No 
reduction  in  beam  intensity  is  required  to  achieve 
these  resolution  values. 

The  question  can  be  asked  as  to  whether  other, 
smaller  tandem  accelerators  should  also  be 
considered  for  use  as  radioactive  ion  beam 
accelerators.  We  believe  the  answer  is  yes,  especially 
if  used  in  the  terminal  gas  stripping  mode.  While 
smaller  tandem  accelerators  will  have  lower 
accelerated  beam  energies,  their  parameters  will,  in 
other  respects,  be  similar  or  even  more  favorable  than 
the  HHIRF  accelerator  because  acceptance  and 


transmission  efficiency  will,  in  general,  improve  as 
the  length  of  the  acceleration  tubes  is  reduced  [6]. 
The  large  acceptance  and  low  injection  energy 
requirements  of  tandem  accelerators  used  in  this 
application  have  recently  assumed  greater 
significance  in  the  light  of  contributions  by  Shepard 

[12]  and  Talbert  [13]  who  note  that  viable  designs  for 
the  first  stage  of  the  ISL  benchmark  radioactive  ion 
beam  accelerator  [14]  capable  of  accelerating  low- 
velocity,  singly  charged,  high-mass  ions  have  not  yet 
been  developed. 
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Abstract 

We  have  applied  Monte  Carlo  particle  transport 
methods  to  assess  a  proposed  neutron  transmission 
inspection  system  for  checked  luggage.  The  geometry 
of  the  system  and  the  time,  energy  and  angle 
dependence  of  the  source  have  been  modeled  in  detail. 
A  pulsed  deuteron  beam  incident  on  a  thick  Be  target 
generates  a  neutron  pulse  with  a  very  broad  energy 
spectrum  which  is  detected  after  passage  through  the 
luggage  item  by  a  plastic  scintillator  detector  operating 
in  current  mode  (as  opposed  to  pulse  counting  mode). 
The  neutron  transmission  as  a  function  of  time 
information  is  used  to  infer  the  densities  of  hydrogen, 
carbon,  oxygen  and  nitrogen  in  the  volume  sampled. 
The  measured  elemental  densities  can  be  compared  to 
signatures  for  explosives  or  other  contraband.  By  using 
such  computational  modeling  it  is  possible  to  optimize 
many  aspects  of  the  design  of  an  inspection  system 
without  costly  and  time  consuming  prototyping 
experiments  or  to  determine  that  a  proposed  scheme 
will  not  work.  The  methods  applied  here  can  be  used  to 
evaluate  neutron  or  photon  schemes  based  on 
transmission,  scattering  or  reaction  techniques. 

I.  Introduction 

Detection  of  hidden  explosives  and  other 
contraband  materials  is  a  high  priority  in  several 
branches  of  the  government  and  civilian  organizations. 
Examples  of  desired  detection  capabilities  include  sub¬ 
kilogram  quantities  of  high  explosive  material  in 
checked  or  cany-on  airline  luggage,  illicit  drugs  in  cargo 
containers,  or  a  nuclear  warhead  entering  or  leaving  the 
U.S.  Other  tasks  in  which  nuclear  interrogation 
methods  may  be  of  use  include  detection  of  land  mines 
and  the  determination  of  whether  a  piece  of  ordnance 
contains  a  chemical  warfare  agent  or  only  ordinary  high 
explosives.  Several  nuclear  physics  based  methods  for 
detecting  contraband  have  been  proposed  [1]. 

The  technical  problems  that  must  be  overcome 
to  implement  any  of  the  proposed  nuclear-based 
detection  and  identification  schemes  are  formidable. 
Here  only  the  detection  of  high  explosives  in  checked 
airline  luggage  will  be  considered. 

"Work  performed  under  the  auspices  of  the  U.  S. 
Department  of  Energy  by  the  Lawrence  Livermore 
National  Laboratory  under  Contract  W-7405-Eng-48 


II.  The  Proposed  Method 

The  detection  scheme  that  is  investigated  here  is 
based  on  fast  neutron  transmission.  It,  along  with 
several  other  nuclear-based  schemes  are  reviewed  in 
reference  [1].  A  schematic  view  of  the  set-up  that  has 
been  modeled  is  shown  in  Figure  1.  A  deuteron  beam  of 
about  5  MeV  energy  is  incident  on  a  Be  target  that  is 
thick  enough  to  stop  it.  A  strongly  forward  peaked 
neutron  beam  with  a  wide  energy  range  (0  to  -8  MeV) 
impinges  on  the  item  to  be  inspected.  A  neutron 
detector  on  the  opposite  side  of  the  item  detects  the 
neutrons  that  are  transmitted.  A  view  of  the  system, 
generated  by  COG,  is  shown  in  Figure  1.  The  detector  is 
a  0.5"  thick  piece  of  BC-401  scintillator  in  a  boron  loaded 
epoxy  resin  housing.  The  distance  from  the  source  to 
the  detector  is  four  meters  and  the  suitcase  is  in  the 
middle.  Neutron  energy  can  be  inferred  from  the  time- 
of-flight  from  the  source  to  the  detector.  To  identify  the 
contents  of  the  item  it  should  be  sufficient  to  infer  the  C, 
N  and  O  densities.  The  neutron  scattering  cross  sections 
for  these  elements  have  several  strong  narrow  structures 
in  ffie  relevant  energy  range  which  can  be  used  as 
signatures  (the  cross  sections  are  shown  in  Figure  3).  In 
a  typical  luggage  item  incident  neutrons  will  be  strongly 
scattered.  Since  the  detector  signal  will  be  due  to  both 
transmitted  neutrons  and  neutrons  that  have  undergone 
one  or  more  scatterings  the  detector  signal  is  not  simply 
the  neutron  source  intensity  times  the  transmission 
factor  at  the  appropriate  energy.  One  conclusion  from 
the  modeling  that  has  been  done  is  that  the  signal  at  the 
detector  is  larger  with  the  inspected  item  in  place  than 
without  it.  This  interference  effect  of  neutrons  arriving 
at  the  wrong  time  will  make  the  interpretation  of  the 
measured  signals  extremely  challenging.  The  inspection 
rate  requirements  for  the  system  preclude  the  use  of  a 
neutron  detector  in  the  pulse  counting  mode.  A  source 
pulse  with  a  Gaussian  shape  and  a  FWHM  of  1  nS  and  a 
detector  impulse  response  with  an  exponential  fall  with 
a  time  constant  of  1  nS  have  been  used  in  calculating  the 
predicted  signals. 

III.  Results 

The  Monte-Carlo  coupled  neutron-photon 
transport  code  COG  [2]  was  used  to  model  this  system 
As  a  first  step  toward  understanding  the  functioning  of 
the  system  very  simple  cases  were  simulated,  namely  a 
"suitcase"  that  was  a  solid  block  of  a  single  material. 


0-7803-1203-  1/93S03.00  ©  1993  IEEE 


1663 


The  geometry  description  part  of  the  code  is  fully 
capable  of  handling  a  realistic,  complicated  luggage 
model.  The  materials  studied  were  carbon,  nitrogen, 
oxygen  (all  at  a  density  of  2.25  g/cc)  and  the  high 
explosive  LXO40  at  normal  density.  Figure  2  shows  the 
effect  of  including  multiple  scattering  for  a  solid  carbon 
block,  which  is  to  move  part  of  the  signal  strength  to 
later  times.  In  general,  the  later  in  time  a  cross  section 
feature  will  fall,  the  more  badly  it  will  be  corrupted  by 
late-arriving  neutrons. 

Features  in  the  cross  section  are  clearly  reflected 
in  the  signal  when  multiple  scattered  neutrons  are 
eliminated  (center  plot  of  Figure  2).  In  the  full 
calculation  the  correspondence  is  less  clear. 

Figure  3  shows  the  neutron  scattering  cross 
sections  for  the  elements  of  interest  and  the  predicted 
signal  for  a  solid  block  of  LXO40.  Even  in  this  extremely 
simplified  model  it  is  very  difficult  to  identify  clearly 
features  in  the  signal  that  indicate  the  presence  of  the 
component  elements.  The  possible  utility  of  neural 
network  methods  to  recover  elemental  densities  from 
the  measured  signals  are  beginning  to  be  looked  at 


IV.  Conclusions 

It  is  clear  that  the  nuclear  interrogation  method 
considered  here,  or  any  other,  presents  challenging 
technical  problems,  and  that  careful  design  of  the 
measurement  system  and  data  interpretation  methods 
will  be  necessary.  Detailed  accurate  radiation  transport 
modeling  can  be  used  to  accurately  and  objectively 
assess  possible  substance  detection  schemes.  These 
assessments  and  some  optimizations  of  designs  can  be 
accomplished  without  costly  and  time  consuming 
prototyping  experiments  (and  without  hazard  control 
training  or  paperwork). 
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Figure  1.  Perspective  picture  output  of  the  the  set-up  modeled  from  the  code 
COG. 
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Figure  2.  The  top  plot  shows  the  log  of  the  cross  section  for  neutron  scattering  on  converted 
into  a  function  of  time.  The  center  plot  shows  the  calculated  detector  signal  with  multiple 
scattering  suppressed.  The  third  plot  is  of  the  total  predicted  signal.  The  signal  predictions  are 
convolved  with  a  source  pulse  shape  and  a  detector  impulse  response. 
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Figure  3.  Logs  of  cross 
sections  (converted  from 
energy  as  the  abdssa  to 

time)  for  C12,  N14  and  O16 
are  shown  in  the  top  three 
plots  and  the  log  of  the 
predicted  signal  for  a  block 
of  LXO40  in  the  bottom 
plot. 
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Abstract 

Accelerators  used  for  medicine  include  synchrotrons, 
cyclotrons,  betatrons,  micro trons,  and  electron,  proton,  and 
light  ion  linacs.  Some  accelerators  which  were  formerly  found 
only  at  physics  laboratories  are  now  being  considered  for  use 
in  hospital-based  treatment  and  diagnostic  facilities.  This 
paper  presents  typical  operating  parameters  for  medical 
accelerators  and  gives  specific  examples  of  clinical  applications 
for  each  type  of  accelerator,  with  emphasis  on  recent 
developments  in  the  field. 

I.  INTRODUCTION 

Advances  in  diagnostic  and  therapeutic  radiology  have 
historically  been  coupled  with  advances  in  physics  research.  In 
many  cases  a  new  medical  procedure  is  tried  using  equipment 
originally  designed  for  physics  research.  Sometimes  the 
medical  use  is  parasitic  to  the  physics  use  and  at  other  times 
the  equipment  is  turned  ova  to  medical  researchers  when  it  is 
no  longa  useful  to  physics  researchers.  Thus,  when  one 
studies,  for  example,  a  new  form  of  radiation  therapy  it  is 
possible  to  find  several  different  types  of  accelerator  being  used 
for  the  same  therapy. 

When  the  therapy  moves  from  the  research  stage  to 
standard  practice  and  it  is  time  to  design  a  dedicated,  optimized 
system  it  is  difficult  to  tell  whether  certain  parameters  are 
essential  or  simply  there  because  the  accelerator  was  designed 
for  another  purpose.  It  is  also  difficult  for  the  accelerator 
designer  to  ascertain  intensity  requirements  because  medical 
accelerators  are  generally  specified  in  toms  of  dose  rate  to  a 
volume  of  tissue.  This  means  that  dosimetry  techniques  and 
the  efficiencies  associated  with  processes  such  as  extraction, 
targeting,  degrading,  modulating  and  energy  selection  must  be 
well  understood  before  the  machine  can  be  designed. 

In  this  presentation  intensities  and  energies  are  discussed 
in  terms  of  the  current  and  particle  type  in  the  accelerator  rather 
than  dose  rate  and  particle  delivaed  to  the  patient.  Typical 
operating  parameters  for  accelerators  which  have  been  used  for 
medical  applications  are  given  in  Table  1.  Design  parameters 
for  accelerators  in  the  proposal  or  development  stages  are  listed 
in  Table  2. 

O.  ELECTRON  ACCELERATORS 

Conventional  radiation  thaapy  directs  a  beam  of  photons  or 
electrons  at  a  cancerous  tumor.  These  beams  are  typically 
produced  by  betatrons,  microtrons  or  radiofrequency  electron 
linacs.  Betatrons  are  gradually  being  replaced  by  electron 
linacs  because  the  linacs  can  be  mounted  in  a  gantry  which 
rotates  a  full  360°  around  the  patient.  State  of  the  art  electron 
linacs  operate  in  two  modes,  a  high  intensity  mode  in 
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which  electrons  strike  a  tungsten  target  to  produce  photons  for 
photon  therapy  and  a  low  intensity  mode  in  which  electrons 
are  directed  to  the  patient  for  electron  therapy.  Racetrack 
microtrons  provide  electron  beams  for  multiple  treatment 
rooms.  In  this  case  the  electrons  are  accelerated  in  the 
microtron  and  a  beam  transport  system  is  mounted  in  the 
gantry.  The  controls  systems  for  medical  electron  accelerators 
are  becoming  very  sophisticated,  allowing  therapists  to 
preprogram  beam  energy,  collimator  size  and  gantry  angle  so 
that  these  can  be  adjusted  automatically  by  computer  during  a 
treatment 

Ordinary  diagnostic  x-rays  are  produced  by  10-50  keV 
electrons  striking  a  tungsten  target.  Normally  these  electrons 
are  produced  by  a  compact  electron  gun,  but  obtaining  high 
quality  images  of  cardiac  blood  vessels  using  the  iodine  K- 
absorption  edge  requires  an  intense  monochromatic  beam  not 
available  from  a  conventional  x-ray  machine.  Electron 
synchrotrons  operating  at  2-3  GeV  are  a  good  source  of  this 
characteristic  radiation  for  angiography. 

HI.  CIRCULAR  PROTON  AND  DEUTERON 
ACCELERATORS 

Because  of  their  mature  technology  it  is  not  surprising 
that  cyclotrons  have  been  used  for  many  medical  applications. 
In  particular,  great  strides  have  been  made  in  producing 
isotopes  for  radiopharmaceuticals.  For  generating  many 
isotopes  it  is  no  longa  necessary  to  share  a  beam  line  with 
physics  researchers  because  commercially  available  cyclotrons 
may  be  dedicated  to  this  task.  Hospital-based  cyclotrons  are 
also  used  for  fast  neutron  therapy.  At  present,  cyclotrons  for 
proton  and  pion  therapy  are  associated  with  physics 
laboratories,  but  increased  interest  in  proton  therapy  has  led  to 
interest  in  developing  hospital-based  cyclotrons  for  proton 
therapy. 

Synchrotrons  for  proton  therapy  can  be  found  in  both 
hospital  and  physics  laboratory  settings.  Light  ion  therapy 
typically  involves  beams  of  helium,  carbon,  argon,  silicon  or 
neon  ions  and  is  available  at  synchrotrons  associated  with 
physics  laboratories. 

IV.  PROTON  AND  ION  LINACS 

Recent  advances  in  the  technology  of  proton  linacs,  and 
particularly  the  use  of  425  MHz  radiofrequency  systems,  have 
made  it  possible  to  build  smaller  accelerators  which  are 
increasingly  easier  to  maintain.  For  this  reason  linacs  are 
beginning  to  compete  with  cyclotrons  for  isotope  production 
and  radiation  therapies  which  involve  a  primary  beam  striking 
a  production  target  to  generate  a  secondary  treatment  beam.  At 
present  proton  linacs  at  national  laboratories  are  being  used  for 
fast  neutron  therapy  and  isotope  production  but  it  is  possible 
to  move  these  activities  to  the  private  sector  by  taking 
advantage  of  the  new  technology.  Radiofrequency  quadnipole 
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Table  1 


Medical  Accelerator  Applications  Which  Have  A1 

ready  Been  Used  Clinically 

Accelerator 

Application 

Production  Reaction 

Electron  Linac 

Electron  therapy 

4-25  MeV  e* 

100-500  nA 

Photon  Therapy 

4-25  MeV  e- 

20-150  nA 

e-  + W 

Microtron  & 

Electron  Therapy 

4-20  MeV  e‘ 

100-500  nA 

Betatron 

Photon  Therapy 

4-50  MeV  e* 

20-150  nA 

e‘  + W 

e‘  Synchrotron 

Angiography 

2-3  GeV  e* 

250  mA 

Wiggler-extracted  33 

keV  y 

Cyclotron 

Radioisotopes 

10- 100  MeV  p 

50-100  nA 

Fast  Neutron  Therapy 

50-75  MeV  p  or  d 

20-30  nA 

p  or  d  +  Be 

Pion  Therapy 

500-600  MeV  p 

20-150  nA 

p  +  Be  or  C 

Proton  Therapy 

70-185  MeV  p 

20-40  nA 

p  Synchrotron 

Proton  Therapy 

70-250  MeV  p 

20-40  n A 

Light  Ion  Therapy 

225-670  Me  V/amu 

lOMO10  ions/sec 

RFQ  Linac 

Injector  for  Synchrotron 

2.0  MeV  p 

up  to  150  pA 

Proton  Linac 

Fast  Neutron  Therapy 

66  MeV  p 

30  nA 

p  +  Be 

Radioisotopes 

10  -  800  MeV  p 

50-1000  nA 

Pion  Therapy 

800  MeV  p 

1  mA 

p  +  Be  or  C 

Light  Ion  Linac 

Injector  fra  Synchrotron 

8  MeV/amu 

70-250  nA 

(RFQ)  linacs  ate  competing  with  Cockroft-Walton  accelerators 
as  injectors  to  drift  tube  linacs  as  well  as  synchrotrons.  In 
fact,  the  compact  size  of  an  RFQ  injector  for  a  medical 
synchrotron  contributes  greatly  to  making  hospital-based 
synchrotrons  practical.  Light  ion  linacs  ate  being  developed  as 
injectors  to  light  ion  synchrotrons  for  both  basic  research  and 
radiation  therapy  but  the  size  and  cost  of  these  systems  are 
likely  to  prohibit  commercialization  in  the  near  future. 


V.  NEW  APPLICATIONS 

Recent  renewed  interest  in  boron  neutron  capture 
therapy  (BNCT)  fra  treating  advanced  brain  tumors  has  led  to 
interest  in  accelerator-generated  epithermal  (-10  keV)  neutrons. 
Two  approaches  have  been  taken.  The  first  produces  the 
neutrons  as  near  threshold  as  possible  to  minimize  the  amount 
of  moderating  material  required.  Because  the  production  cross 
sections  are  relatively  low  near  threshold  this  approach  requires 
high  current  accelerators  in  the  2.5  -  5  MeV  range.  The  second 
approach  takes  advantage  of  high  yields  from  spallation 
sources  at  the  expense  of  having  to  eliminate  or  moderate 
larger  quantities  of  unwanted  high  energy  spallation  products. 
Fra  a  lithium  production  target  the  lower  energy  approaches 
use  an  RFQ  or  a  tandem  cascade  accelerator.  With  a  beryllium 
target  a  drift  tube  linac  with  an  RFQ  injector  has  been 
considered.  Fra  the  spallation  approach,  both  cyclotrons  and 
linacs  have  been  suggested.  More  details  on  accelerators  for 
BNCT  and  relevant  references  are  given  in  Table  2. 


The  increased  demand  for  short-lived  isotopes  for 
positron  emission  tomagrapby  (PET)  has  led  to  the 
development  of  compact  accelerators  providing  protons, 
deuterons,  or  ^He++  with  energies  in  the  4-10  MeV  range. 
One  approach  uses  a  tandem  cascade  accelerator  and  the  other 
combines  three  RFQ’s  in  tandem.  Both  technologies  promise 
to  become  competitive  with  the  “baby”  cyclotrons  now  in  use 
fra  these  isotopes.  More  information  and  references  are  given 
in  Table  2. 

Because  proton  linacs  usually  operate  in  a  high  current 
mode  they  are  not  well  matched  to  the  low  currents  needed  fra 
proton  therapy.  One  way  to  safely  use  an  H*  linac  fra  therapy 
is  to  strip  the  H'  using  a  laser,  strip  the  resulting  H°  using 
foils,  and  then  direct  the  resulting  protons  to  the  therapy  room. 
The  proton  intensity  can  be  limited  to  nanoamps  by  limiting 
the  power  of  the  laser  and  the  energy  can  be  quantized  by 
turning  off  the  gradients  in  selected  tanks.  This  scheme  does 
not  give  the  finely  tunable  energy  variation  obtainable  with  a 
synchrotron  but  passive  scattering  techniques  can  be  used  to 
make  the  Final  energy  adjustments.  It  is  a  good  method  fra 
physics  laboratories  with  existing  H'  linacs  to  provide 
parasitic  beam  for  patient  treatment  or  research  in  beam 
delivery  and  dosimetry  techniques.  Another  approach  to  using 
proton  linacs  for  proton  therapy  takes  advantage  of  the  existing 
technology  for  electron  linacs.  Protons  are  accelerated  bran  70 
to  250  MeV  using  commercially  available  S-band 
radiofrequency  power  systems  and  accelerating  cavities.  The 
beam  current  is  of  the  order  of  tens  of  nanoamps,  which  is 
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Table  2 


Accelerator 

am 

Kinetic  Energy 

Average  Current 

Production 

Reaction 

Reference 

Cyclotron 

BNCT* 

70  MeV  p 

80  uA 

p  + W 

1 

Proton  Linac 

BNCT 

4  MeV  p 

?? 

p+  Be 

2 

BNCT 

70  MeV  p 

180  (lA 

p  + W 

3 

Proton  Therapy 

70-250  MeV  H- 

10  -  40  pA  H'  primary 

laser  scattering 

4 

20  -  40  nA  p  scattered 

Proton  Therapy 

70-250  MeV  p 

10  -  270  nA 

5 

RFQ  Linac 

PET4-  isotopes 

8  MeV  3He++ 

300  |lA 

6 

BNCT 

2.5  MeV  p 

30  mA 

p  +Li 

7 

Tandem  Cascade 

PET  isotopes 

3.7  MeV  p  or  d 

0.5-1. 0  mA 

8 

BNCT 

2.5  MeV  p 

5  mA 

p  +  Li 

Coaxial  Cascade 

Angiography 

600  keV  e‘ 

1A  for  10  msec 

e-  +  BaB6orCeB6 

♦Boron  Neutron  Capture  Therapy 


+Fositron  Emission  Tomagraphy 


appropriate  for  proton  therapy.  Both  approaches  are  discussed 
in  the  references  in  Table  2. 

Clinical  interest  in  cardiac  angiography  has  led  to 
development  of  a  compact  accelerator  which  generates  33  keV 
gamma  radiation.  The  proposal  referenced  in  Table  2  uses  a 
600  keV  coaxial  cascade  accelerator  to  provide  protons  which 
strike  a  target  containing  barium  or  cerium  hexaboride. 
Commercialization  of  this  accelerator  is  consistent  with  the 
traditional  approach  to  the  development  of  medical  accelerators, 
in  which  the  medical  procedure  is  tested  using  an  accelerator 
built  for  basic  research  and  then  the  technology  is  developed  to 
move  the  procedure  to  a  clinical  setting. 
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Abstract 

The  Ground  Test  Accelerator  (GTA)  [1]  has  the  objective 
of  verifying  much  of  the  technology  required  for  producing 
high-brightness,  high-current  H*  beams.  GTA  commissioning 
is  staged  to  verify  the  beam-dynamics  design  of  each  major 
accelerator  component  as  it  is  brought  online.  The  major 
components  are  the  35-keV  H'  injector,  the  2.5-MeV  radio- 
frequency  quadrupole  (RFQ)  [2],  the  intertank  matching 
section  (IMS)  (31,  the  3.2  MeV  first  2$X  [4]  drift  lube  linac 
(DTL-1)  module,  and  the  24-MeV  GTA  with  10  DTL 
modules.  Results  from  the  DTL-1  beam  experiments  will  be 
presented. 

I.  INTRODUCTION 

This  paper  addresses  the  commissioning  of  the  GTA 
DTL-1  module  which  was  successfully  completed  in  March 
1993.  The  DTL-1  was  designed  to  control  emittance  growth 
and  to  maintain  high  beam  transmission  and  brightness. 
DTL-1  is  the  first  of  five  2pX  DTLs.  The  second  five  DTLs 
are  IPX  structures.  The  DTL  was  divided  into  10  modules  for 
ease  of  fabrication  and  drift-tube  alignment.  More  details  on 
the  DTL  and  GTA  are  given  in  References  [1],  (2],  and  [3]. 

To  evaluate  the  DTL-l's  performance  with  beam,  the 
commissioning  plan  encompassed  numerous  experiments. 
The  DTL-1  position  acceptance  was  measured  both  by 
displacing  the  beam  and  moving  DTL-1.  The  DTL-l's  output 
transverse  and  longitudinal  phase-space  distributions  were 
measured  versus  the  IMS  permanent  variable  field  quadrupole 
(VFQ)  strengths,  the  IMS  buncher  rf  amplitudes  and  phases, 
lime  in  the  macropulse,  and  the  DTL  rf  amplitude  and  phase 
set  points.  The  rf  set  points  of  the  DTL-1  cavity  were 
determined  with  beam  by  comparing  measurements  of  the 
beam's  energy  and  phase  centroids  with  predictions.  The  x-ray 
energy  spectrum  from  the  cavity  was  measured  versus  cavity  rf 
power.  These  data  provide  an  independent  verification  of  the  rf 
amplitude  set  point  [5].  Data  were  taken  to  obtain  the  effect 
of  IMS  steering  and  DTL-1  position  on  the  DTL-1  output 
beam  position  centroids.  These  data  can  be  used  to  determine 
an  equivalent  R  transfer  matrix  for  DTL-1.  Jitter 
measurements  were  made  of  the  beam  current,  position, 
energy,  and  phase  [6].  RF  studies  were  completed  to  assess 
the  rf  control  system  performance  [7], 
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II.  DTL  EXPERIMENTS  AND  RESULTS 

There  were  two  principal  GTA  diagnostic  [8]  systems 
available  for  the  DTL-1  commissioning.  The  first  system  was 
installed  on  a  moveable  plate  (D-plate)  and  consisted  of  (1) 
two  sets  of  slits  and  collectors  for  measuring  horizontal  and 
vertical  transverse  phase  space,  and  position  and  angle 
centroids;  (2)  a  toroid  for  measuring  beam  current;  (3)  three 
microstrip  probes  for  measuring  position,  energy,  and  phase 
centroids;  (4)  a  capacitive  probe  for  measuring  phase  spread; 
and  (5)  Laser  Induced  Neutralization  Diagnostic  Approach 
(LINDA)  [9]  for  measuring  longitudinal  phase  space,  and 
energy  and  phase  widths.  The  D-plate  was  designed  to 
commission,  individually,  the  RFQ,  IMS,  and  DTL-1. 

The  second  system  consisted  of  beamline  diagnostics 
permanently  installed  on  GTA.  Two  toroids,  located  in  the 
entrance  and  exit  endwalls  of  the  RFQ,  monitor  beam 
transmission.  Within  the  IMS  beamline,  there  were  (1)  three 
miaostrip  probes;  (2)  a  toroid;  and  (3)  a  video  profile  monitor 
(VPM)  [10]  for  measuring  transverse  beam  profiles  and 
position  centroids  at  the  IMS  exit. 

Like  the  RFQ  and  IMS  bunchers,  the  DTL-1  cavity 
conditioned  rapidly  to  high  power  and  operated  reliably  with 
few  cavity  breakdowns. 

As  expected,  beam  losses  in  the  DTL-1  were  small. 
Beam  transmission  was  >98%  (output  current  35  mA). 
This  high  transmission  was  typical  for  most  configurations  of 
the  IMS  VFQs,  buncher  cavities,  and  permanent  magnet 
quadrupole  (PMQ)  steerer  settings.  Significant  transmission 
decreases  occurred  only  for  abnormal  accelerator 
configurations,  where  beam  losses  were  limited  by  the  GTA 
Fast  Protect  system.  The  DTL-1  position  acceptance  for  high 
transmission  was  ±1  mm  horizontally  or  vertically  from  the 
DTL  center. 

The  microstrip  probes  are  used  in  determining  the  rf  set¬ 
points  of  DTL-1  using  the  phase-scan  technique  [11,12].  This 
technique  uses  the  probes  to  measure  beam  energy  and  phase 
centroids  versus  the  DTL-1  rf  amplitude  and  relative  phase. 
Single-particle  simulations  provide  the  shape  signature  for 
determining  the  rf  amplitude  set  point.  Figures  1A  and  IB 
show  simulation  results  and  experiment  data,  respectively. 
The  plotted  points  for  each  rf  field  correspond  to  a  different 
input  cavity  phase.  For  a  given  cavity  field,  the  input  phase 
set  point  occurs  at  the  zero  normalized  energy  (Fig.  1A).  The 
-15  keV  offset  from  zero  in  the  data  (Fig.  IB)  is  due  to 
uncertainties  with  the  absolute  energy  measurement 
calibration.  Simulations  and  data  exhibit  the  same 
counterclockwise  rotation  as  the  cavity  power  increases. 
Figure  2  shows  the  gap-voltage  dependence  of  the  slope  of  the 
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phase  scan  linear  region.  There  is  good  agreement  between 
data  and  simulations. 
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Figure  1.  Normalized  beam  energy  (design  minus  actual 
energy)  versus  the  relative  beam  phase  for  DTL-1.  V0  is  the 
design  gap  voltage.  Relative  phase  is  used  to  ease  curve  shape 
comparison. 
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Figure  2.  Slope  of  phase-scan  linear  region  versus  the 
normalized  gap  voltage  V/V0. 


We  assume  that  the  DTL  rf  cavity  power  P  (kW)  is  related 
to  the  DTL  gap  voltage  V  (kV)  through  a  relationship  of  the 

form  V  =  K  VP ,  where  K  is  a  proportionality  constant 
determined  by  either  experiment  or  theory.  SUPERFISH 
calculations,  using  the  measured  Q  of  the  DTL-1  cavity,  give 
K  =  18.04.  From  x-ray  and  phase-scan  measurements,  K  = 
17.97  and  K  =  18.22,  respectively.  The  agreement  between 
data  and  theory  is  -1%.  Experimental  and  theoretical 
uncertainties  are  -3-5  %. 


The  RFQ  beam  transmission  varies  during  the  macropulse 
[2],  but  the  RFQ  and  IMS  transverse  phase-space  distributions 
and  the  IMS  transmission  do  not  [3].  Measurements  show 
that  the  DTL-1  beam  transmission  and  output  transverse 
phase-space  distributions,  including  position  centroids,  do  not 
change  during  the  macropulse.  The  insensitivity  of  the 
mismatch  factor  MM  [13]  (i.e.,  the  Courant-Snyder  (CS) 
parameters  or  beam  shape)  to  time  is  shown  in  Fig.  3. 


Figure  3.  Horizontal  and  vertical  MM  versus  time  within  the 
macropulse. 

The  DTL-1  output  transverse  phase-space  distributions 
were  measured  as  a  function  of  the  IMS  transverse  tune. 
Except  for  abnormal  conditions  (e.g.,  an  IMS  buncher  off),  the 
output  CS  parameters  were  insensitive  to  the  tune.  Their 
measured  values  were  found  to  be  near  the  ideal,  design  output 
values  (Fig.  4)  where  a  practical  criteria  of  MM  <  0.3  is 
considered  good.  Each  run  number  in  Fig.  4  corresponds  to  a 
particular  IMS  tune.  Values  of  MM  £  0.4  occurred  for 
abnormal  IMS  configurations.  The  DTL-1  output  emittances 
were  independent  of  the  DTL  input  and  output  CS  parameters. 
No  transverse/longitudinal  coupling  was  observed  for  different 
IMS  longitudinal  tunes. 


Figure  4.  Vertical  MM  (DTL-1  output  beam)  between 
measurements  and  ideal  beam. 

The  longitudinal  DTL  output  phase-space  distribution  was 
measured  versus  IMS  longitudinal  tunes.  As  in  the  transverse 
case,  the  longitudinal  emittance  and  CS  parameters  were 
insensitive  to  variations  about  the  standard  IMS  tune.  The  CS 
parameters  varied  little  from  their  ideal,  design  output  values. 
Large  deviations  in  the  output  emittance  and  CS  parameters 
could  be  achieved  for  extreme  IMS  longitudinal  tunes  (e.g.. 


1670 


operating  the  downstream  IMS  buncher  in  its  debunch, 
acceleration,  or  deceleration  modes). 

The  transverse  and  longitudinal  phase-space  distributions 
were  measured  as  functions  of  the  DTL-1  rf  power  and  phase 
set  points.  The  power  and  phase  were  varied  from  the 
optimum  values  by  ±10%  and  ±20  degrees,  respectively.  The 
longitudinal  and  transverse  distributions  were  largely 
insensitive  to  OTL-l's  amplitude  and  phase.  For  the 
transverse  distributions  MM  <0.3  for  all  set  points. 

A  comparison  of  the  DTL-1  output  transverse  and 
longitudinal  emittances  to  those  obtained  out  of  the  IMS 
during  its  commissioning  indicates  that  there  is  little  or  no 
emittance  growth  through  the  DTL-1,  as  expected. 

The  DTL-1  output-beam-position  centroids  depend  on  the 
input  centroids  which  were  varied  with  IMS  steering  or  DTL-1 
entrance  displacements.  The  data  verified  our  IMS  steering 
model.  Analysis  is  underway  to  use  these  data  to  obtain  an 
equivalent  R  transfer  matrix  for  the  DTL.  The  trace  of  the 
determined  R  matrix  equals  two  times  the  cosine  of  the  phase 
advance.  The  results  will  be  compared  to  theory. 

One  PMQ  steerer  is  attached  to  the  exit  of  each  DTL 
module  for  adjusting  the  position  centroids  at  the  next  DTL 
module.  Exercising  the  DTL-1  steerer  resulted  in  expected 
changes  in  beam  centroids. 

For  transverse  phase-space  measurements,  a  comparison 
was  made  between  the  standard  slit  and  collector  technique, 
which  measures  the  full  H"  beam,  and  the  transverse  LINDA 
[14]  technique,  which  uses  the  same  slit  and  collector  to 
measure  a  photoneutralized  portion  of  the  H'  beam.  The 
neutralization  point  is  upstream  (-32  cm)  of  the  emittance 
gear  slit.  The  two  methods  yield  different  results.  The 
difference  is  real  and  is  predicted  by  simulations  that  include 
the  different  space-charge  effects  between  the  neutralization 
point  and  the  slit  Three  experiments  were  made  with  different 
degrees  of  bunching.  The  more  bunched  the  beam,  the  greater 
the  difference  between  the  techniques  (Fig.  S).  The  two 
experimental  techniques  agree  with  predictions. 

MM  between  Slit/Coflector  and  Transverse 
LINDA  Techniques  vs  Degree  of  Bunching 
1 2 
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Figure  5.  MM  (between  the  two  techniques)  vs  degree  of 
bunching. 
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III.  SUMMARY 

DTL-1  is  commissioned  and  fully  operational.  The 
injector,  RFQ,  IMS,  and  DTL- 1  operations  were  reliable  and 
stable,  allowing  for  extensive  beam  measurements.  High 
beam  transmission  was  obtained  with  little,  or  no  transverse  - 
and  longitudinal -emittance  growth  through  DTL-1.  The 


measured  CS  parameters  are  in  good  agreement  with 
simulations  as  are  the  phase-scan  data. 
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Abstract 

The  paper  reports  on  the  results  obtained  for  the 
production  and  acceleration  of  radioactive  ions  with  the 
Louvain-la-Neuve  cyclotrons.  The  specific  problems  of  the 
separation  of  isobaric  beams  at  low  energy  with  a  high 
efficiency  is  presented.  Their  consequences  on  the  design  of  a 
cyclotron  dedicated  to  the  acceleration  of  radioactive  beams 
are  discussed. 

I.  INTRODUCTION 

The  Radioactive  Ion  Beam  facility  at  Louvain-la- 
Neuve  aims  at  the  acceleration  of  unstable  nuclei 
(T1/2  i  2h)  in  the  low  energy  range  (<  2.0  MeV  per 
nucleon),  which  is  of  interest  for  cross  section  measurements 
of  important  reactions  involved  in  astrophysical  processes. 
It  uses  two  cyclotrons  coupled  by  an  on-line  ECR  source  to 
produce,  ionize  and  accelerate  the  radioactive  species.  With 
this  scheme,  intensities  of  106  particles  per  second  (pps)  for 
6  He  and  up  to  109  pps  for  J9Ne  have  been  obtained. 
Although  die  acceleration  efficiency  is  low  at  these  energies 
(<  5  %),  it  turns  out  that  the  high  mass  resolving  power  of  a 
cyclotron  is  crucial  to  eliminate  the  isobaric  contamination 
in  a  very  efficient  way.  Results  obtained  so  far  will  be 
presented  and  the  main  design  feature  of  a  new  cyclotron 
dedicated  to  the  acceleration  and  isobaric  separation  of 
radioactive  ions  will  be  discussed. 

D.  ACCELERATION  OF  RADIOACTIVE  IONS 
IN  CYCLONE 

2.1.  General  layout 

The  general  layout  of  the  facility  has  been  presented 
elsewhere  [1].  The  high  intensity  (200  pA)  30  MeV  proton 
beam  at  a  first  cyclotron,  CYCLONE  30,  is  used  to  produce 
large  amounts  of  radioactive  atoms  in  a  target  located  in  the 
wall  which  separates  the  two  vaults.  These  are  pumped  out 
of  the  target  through  an  Electron  Cyclotron  Resonance 
(ECR)  ion  source  in  which  they  are  ionized.  After  a  first 
analysis  in  a  low  resolution  mass  separator,  ions  with  the 
same  mass  to  charge  ratio  are  injected  in  the  second 
cyclotron.  CYCLONE,  which  brings  them  to  the  required 
energy  [1,2]. 


22.  Acceleration  and  isobaric  separation 

Most  of  the  elements  that  have  been  accelerated  so 
far,  have  an  isobaric  contaminant  coming  either  from  the 
target  or  from  the  residual  gas  in  the  source.  To  achieve  a 
high  purity  in  the  final  beam,  the  cyclotron  is  tuned  as  a 
high  resolution  spectrometer  and  the  intensity  of  the  isobaric 
beam  is  considerably  reduced  after  the  acceleration  and 
extraction  processes.  For  isobars  with  a  relative  mass 
difference  of  2  x  K)-4,  like  (19Ne,  19F)  or  (1  k:,1  lB),  an 
attenuation  factor  of  the  order  of  10^  is  routinely  achieved 
with  only  a  minor  reduction  in  the  acceleration  efficiency. 
More  details  about  this  were  given  elsewhere  [3]. 

Table  1  summarizes  the  intensities  and  the 
maximum  energy  available  for  the  various  ions  that  have 
been  delivered  by  CYCLONE.  Most  of  them  have  been 
accelerated  at  energies  between  0.6  and  2  MeV/Nucleon 
(which  is  the  energy  domain  of  interest  for  nuclear 
astrophysics)  and  intensities  larger  than  109  pps  were 
obtained  for  ^9Ne^+.  However,  as  soon  as  high  charge  states 
are  provided  by  the  ECR  source,  higher  energies  can  be 
reached  as  it  has  been  shown  with  19Ne4+  which  was 
accelerated  at  4.2  MeV/amu  with  an  intensity  of 
5  x  108  pps. 


Table  1 

Intensities  and  energies  of  the  radioactive  beams  which  are 
presently  available  at  the  Louvain-la-Neuve  facility 


Element 

t1/2 

q 

Intensity 

Max.  Energy 

(pps) 

(MeV) 

6He 

0.8  s 

i+ 

1.2  106 

18 

He 

20  min 

i+ 

1.0  107 

10 

13n 

10  min 

i+ 

4.0  108 

8.5 

2+ 

3.0  108 

34 

18Ne 

1.7  s 

3+ 

4.2  105 

55 

19Ne 

17  s 

2+ 

1.9  109 

23 

4+ 

5.0  108 

93 

35  Ar 

1.8  s 

5+ 

-105 

79 
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ffl.  DESIGN  FEATURES  OF  A  CYCLOTRON 
DEDICATED  TO  THE  RADIOACTIVE  BEAMS 

The  reasons  which  led  to  the  decision  to  build  a  new 
cyclotron  (provisionally  called  CYCLONE44)  for  the 
acceleration  of  radioactive  isotopes  of  the  light  elements  for 
the  study  of  nuclear  reactions  of  astrophysical  interest  have 
already  been  discussed  elsewhere  [231  and  can  be  summarized 
as  follows: 

-  its  energy  range:  from  0.2  to  0.8  MeV/AMU,  covering  the 
^strophysically  important  region  not  accessible  with 
CYCLONE  (the  lower  limit  is  0.56  MeV/AMU): 

-  its  acceleration  efficiency:  one  order  of  magnitude  larger 
than  the  efficiency  of  CYCLONE  allowing  the  study  of 
nuclear  reactions  with  smaller  cross  sections,  e.g.  those 
reactions  involving  alpha  particles  and  short  lived  radioactive 
nuclei; 

-  its  isobaric  resolving  power  104  to  allow  the  use  of  pure 
radioactive  ion  beams  of  very  low  intensity  in  the  presence 
of  large  isobaric  stable  element  beams; 

-  its  availability  and  flexibility:  for  the  production  of 
radioactive  nuclei,  both  CYCLONE30  (as  in  the  actual  case) 
and  CYCLONE,  with  its  greater  variety  of  particles  and 
higher  energy  but  lower  intensity  will  become  available.  The 
new  dedicated  cyclotron  will  be  full  time  available  for  long 
term  measurements. 

The  main  characteristics  of  CYCLONE44,  resulting  from  a 
detailed  study  of  the  experiments  to  be  performed  with  it 
have  been  fixed  now  and  are  given  in  table  2. 

Table2 

Main  characteristics  of  CYCLONE44. 


given  in  table  3. 

Table  3 

Magnet  parameters  of  CYCLONE44 


Weight  (Tons) 

48 

Height  (m) 

1.5 

Outer  diameter  (m) 

2.7 

Pole  diameter  (m) 

1.44 

Hill  gap  (cm) 

8 

Valley  gap  (cm) 

20 

Sector  angle  (degrees) 

48-58 

Maximum  hill  field  (T) 

1.95 

Maximum  valley  field  CD 

1.0 

Main  coil:  number  of  turns 

364 

maximum  current  (A) 

500 

maximum  voltage  (V) 

105 

Correction  coils :  circular,  undo-  sectors 

The  main  challenge  in  the  design  of  CYCLONE44  lies  in 
the  combination  of  two  requirements:  a  high  acceleration 

efficiency  (from  the  ECR  source  for  multiply  charged  ions 
with  a  relatively  large  emittance,  through  injection, 
acceleration  and  extraction)  and  a  high  resolving  power  for 
isobaric  contaminant  beams. 

The  resolving  power  of  a  cyclotron  is  proportional  to  the 
number  of  turns  times  the  acceleration  harmonic  mode 
number  [3],  thus  asking  for  low  Dee  voltage  and  high 
harmonic  modes.  On  the  other  hand,  a  large  acceleration 
efficiency  can  only  be  obtained  if  the  axially  injected  low 
energy  beam  is  perfectly  matched  to  the  cyclotron  centre 
region  acceptance,  in  six  dimensional  phase  space.  This 
requirement  calls  in  turn  for  low  harmonic  modes,  high 
injection  voltage  and  high  Dee  voltage. 


Energy  constant  K  (MeV) 
Energy  range  (MeV/AMU) 
Mass  range 

Maximum  average  field  CD 
Extraction  radius  (m) 

RF  -  system 

Frequency  range  (MHz) 

Maximum  Dee  voltage  (kV) 

Harmonic  modes 

Injection 

Extraction 


44 

0.2  -  0.8 
4-30 
1.5 
0.64 

2  Dees,  var.  angle 
12  -  17.5 
20 
6-8 
Axial 

Electrostatic 


Description 

The  magnet  has  four  sectors  and  a  cylindrical  return  yoke, 
similar  to  CYCLONE30:  such  a  design  leads  to  a  reduced 
size  and  a  reduction  in  weight  of  about  25%  for  a  given 
K-value,  compared  to  the  classical  magnet  To  further  reduce 
the  size  and  the  power  consumption,  rather  small  hill  and 
valley  gaps  have  been  choosen.  Trimcoils  will  be  located 
under  the  sectors  and  the  accelerating  electrodes  will  be 
located  in  opposite  valleys.  The  most  difficult  area  in 
obtaining  isochronous  fields  is  in  the  centre:  the  size  of  the 
axial  hole  is  no  longer  small  compared  to  the  average  gap 
and  a  smooth  transition  between  the  cylindrical  centre  plug 
and  the  sectors  has  to  be  realized  at  the  earliest  possible 
radius  to  assure  vertical  focusing.The  magnet  parameters  are 


These  conflicting  requirements  were  partially  circumvented 
in  CYCLONE  by  adjusting  the  radial  field  profile  to  be 
non  -  isochronous  resulting  in  an  increased  turn  number. 
This  method  is  not  too  satisfactory  because  difficult  to 
control  and  leading  to  sensitive  and  unstable  beams. 

For  CYCLONE44,  harmonic  modes  6  and  8  have  been 
choosen  and  the  option  was  taken  to  vary  the  Dec  angle 
radially.  Along  the  first  turn,  the  Dee  angle  is  close  to  the 
optimum  for  maximum  energy  gain  and  posts  are  used  to 
reduce  the  transit  times  in  the  gaps.  Then  the  Dee  angle  is 
gradually  reduced  with  increasing  radius.  This  way,  the 
effective  energy  gain  per  turn  is  kept  small  to  assure  the 
required  turn  number  (resp.  265  in  H=6  and  200  in  H=8).  To 
provide  maximum  turn  separation  at  extraction  the  Dee  angle 
is  allowed  to  increase  to  optimum  during  the  last  10  cm 
before  extraction  radius.  The  exact  profile  of  the  acceleration 
electrode  and  gap  has  to  be  optimized  carefully  to  preserve 
longitudinal  beam  quality:  decreasing  energy  gain  with  radius 
increases  bunch  length,  increasing  energy  gain  shortens  the 
bunch  but  both  phenoma  do  not  cancel  totally  [4j. 

Particles  are  injected  with  a  magnetic  bending  radius  of 
35  mm  in  the  isochronous  field  and  deflected  in  the  median 
plane  on  a  centered  orbit  with  a  spiral  inflector. 
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Figure  1 

Schematic  view  of  the  midplane  section  of  CYCLONE44 

l.  Magnet  yoke  2.  Sector  3.  Accelerating  electrode  4.  Coaxial  resonator  S.  RF-amplifier  6.  Electrostatic  deflector 
7.  Passive  magnetic  channel  -  focusing 
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I.  INTRODUCTION 

The  conclusion  of  an  agreement  between  Russia 
and  the  USA  for  significantly  reducing  the  number  of 
nuclear  warheads  has  made  the  effective  peaceful  use 
of  the  stockpiles  of  weapons-grade  plutonium  a  very 
urgent  problem.  Another  relevant  problem  for  all  ad¬ 
vanced  countries  is  the  transmutation  of  long-lived 
high  level  NPP  wastes.  One  of  the  most  promising 
ecologically  pure  and  safe  methods  of  plutonium  con¬ 
version  is  to  use  it  in  subcritical  accelerator-driven 
power  reactors  simultaneously  for  two  aims  -  energy 
production  and  waste  burning,  as  proposed  last  year 
by  A.  Favale  [1]. 

The  main  parameters  and  engineering  design  of 
such  a  reactor  are  not  reliably  defined  at  present, 
so  we  do  not  know  the  optimal  value  of  the  proton 
energy  and  beam  current.  Nevertheless,  the  prelim¬ 
inary  estimates  [2,3]  show  that  in  any  scenario  the 
energy  is  in  the  range  of  0.8-1. 6  GeV  and  the  beam 
current  is  100-300  mA  [1-3].  Estimates  in  projects 
of  transmutation  plants  [4,5]  show  the  values  in  the 
same  ranges,  although  from  common  considerations 
in  the  last  case  the  current  must  be  closer  to  the 
upper  limit. 

The  very  high  average  beam  power  (hundreds 
of  megawatts)  involved  requires  construction  of  an 
accelerator  with  high  efficiency  (near  50%).  This 
fact  and  the  necessity  of  having  extremely  low  beam 
losses  make  it  possible  to  suppose  that  both  tasks 
may  be  solved  by  the  use  of  a  CW  linac  only. 

II.  BASIC  CONSIDERATIONS  FOR  LINAC 
SCHEME  CHOICE 

No  doubt  the  most  important  criterion  is  the  cost 
of  construction  and  operation  of  the  linac.  However, 
it  is  hardly  possible  to  determine  the  dependence  of 
cost  on  even  basic  linac  parameters  at  the  beginning 
stage  of  design.  So  for  elaboration  of  linac  schemes 
and  comparison  of  alternative  variants  one  may  as¬ 
sume: 


1)  the  possibility  of  minimizing  particle  losses  at 
extremely  low  permissible  levels,  particularly  at  the 
most  radiation-sensitive  places  of  the  machine  and 
at  energies  with  the  largest  neutron  yield; 

2)  ensured  adequate  removal  of  RF  heat  from  ac¬ 
celerating  structures  upon  the  minimum  linac  length; 

3)  ensured  adequate  reliability; 

4)  ensured  maximum  efficiency; 

5)  the  possibility  of  increasing  beam  current  over 
the  nominal  value. 

The  permissible  level  of  integral  losses  in  the  ma¬ 
chine  can  be  estimated  according  to  those  in  the 
LAMPF  and  INR  meson  factory  in  Troizk,  where 
at  an  average  beam  current  about  1  mA  they  are  of 
order  10~4.  Evidently,  at  the  current  of  order  100 
mA  this  value  will  be  about  10-6. 

Because  of  very  strong  limitations  on  the  parti¬ 
cle  losses,  the  requirements  in  transporting  intensive 
beams  along  the  whole  tract  are  sharply  increased, 
especially  as  one  approaches  the  space-charge  limit. 
This  points  to  the  necessity  for  detailed  investigation 
into  the  problem  of  growth  in  the  six- dimensional 
phase  volume  of  the  beam  and  defining  the  condi¬ 
tions  which  provide  self-matching  beam  motion  in 
the  focusing  channel,  including  particle  acceleration. 

Analytical  solution  of  this  problem  is  difficult  to 
achieve  and  is  possible  only  for  some  specific  cases 
under  the  far  going  simplifying  suppositions,  which 
are  not  realized  in  practice.  The  widely  used  model 
of  bunch  in  the  view  of  uniformly  charged  ellipsoids, 
as  has  been  shown  in  [6],  cannot  be  self-matching 
in  the  field  of  conservative  forces.  So  the  appli¬ 
cation  of  this  model  for  calculating  the  emittance 
growth  and  estimates  of  current  limit  requires  cau¬ 
tion.  At  present  the  most  accurate  method  for  cal¬ 
culating  beam  dynamics  is  computer  simulation  of 
the  macroparticles.  However,  no  existing  computer 
codes  are  able  to  calculate  beam  halo  and  particle 
losses  at  the  level  of  10-6  -  10"7  and  do  not  account 
for  all  factors  leading  to  appearance  of  this  halo  [7]. 
One  of  the  physical  effects  influencing  beam  qual¬ 
ity  is  the  dependence  of  the  form  of  matching  phase 
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volume  on  the  correlation  between  Coulomb  forces 
and  forces  of  external  field  under  non-microcanonical 
phase  density  distributions.  As  far  as  particles  are 
accelerating  this  correlation  is  changing,  that  is  may 
be  regarded  as  adiabatic  mismatching  of  beam  with 
regular  channel.  Such  mismatching  may  lead  to  pro¬ 
duction  of  beam  halo,  which  is  the  main  deliverer 
of  losing  particles.  The  influence  of  this  effect  un¬ 
der  the  loss  level  of  10-6  is  not  yet  known.  There 
exists  a  row  of  other  effects,  which  influence  under 
the  same  level  of  losses  cannot  be  ignored.  It  is  vital 
that  the  result  of  these  effects  show  themselves  not 
in  the  initial  part  of  linac,  but  where  they  are  most 
dangerous. 

The  above  points  out  the  necessity  of  calculating 
the  linac  with  a  sufficient  reserve  on  beam  current 
limit.  The  cost  of  the  initial  part  of  the  accelerator 
structure  is  not  large  comparing  with  the  cost  of  the 
main  part  of  linac.  So  such  reserve  is  admittable. 

Construction  decisions  for  accelerator  structures 
essentially  influence  the  choice  of  its  scheme.  These 
decisions  cannot  be  accepted  without  examining  such 
a  complicated  problem  as  heat  removal  from  struc¬ 
ture  elements;  apparently  for  solving  this  problem 
new  original  approaches  will  be  required. 

The  considerations  mentioned  above  allow  us  to 
admit  as  a  lower  limit  the  value  of  ~  100  mA  which 
guarantees  acceptable  efficiency  and  for  a  conserva¬ 
tive  upper  limit,  the  Coulomb  repulsion  on  order  of 
300  mA. 

III.  STRUCTURAL  SCHEME  AND  THE  MAIN 
DATA  OF  THE  ITEP  LINAC 


«0  k«V  3.t  M«V  110  M«V 


1.1  G*V 


Figure  1:  Block  scheme  of  the  linac. 


However,  the  possibility  of  using  PMQs  must  be  con¬ 
firmed  by  examination  of  their  radiation  resistance. 
The  advantages  of  the  RFQ  for  accelerating  high  cur¬ 
rent  beams  are  well  known. 

The  frequency  of  900  MHz  for  the  DAW  struc¬ 
ture  is  defined  by  the  requirements  of  maximum  ef¬ 
ficiency.  The  frequency  of  75  MHz  is  chosen  for  the 
RFQ  in  order  to  have  a  margin  of  the  acceptance  un¬ 
der  nominal  beam  current  150  mA,  suitable  current 
limit  (about  300  mA),  and  a  decrease  of  emittance 
growth  in  the  most  dangerous  parts  of  linac.  The  rel¬ 
atively  low  frequency  of  the  RFQ  allows  us  to  realize 
a  one-channel  scheme  for  the  linac.  The  frequency  of 
the  DTL  is  twice  as  high  as  that  in  the  RFQ  which 
simplifies  the  transverse  matching  of  the  beam  at  the 
input  of  the  DTL. 

To  avoid  particle  losses  between  structures  with 
frequencies  150  MHz  and  900  MHz  it  is  proposed 
to  considerably  decrease  the  absolute  value  of  the 
synchronous  phase  according  to  the  law 


The  proposed  scheme  of  one-channel  linac  is  pre¬ 
sented  in  Fig.l.  The  initial  part  of  the  accelerator 
is  the  RFQ  structure,  the  intermediate  part  is  the 
DTL  with  PMQs,  and  the  main  part  is  the  DAW 
structure.  This  scheme  is  the  result  of  further  devel¬ 
opment  of  ear;.er  published  work  (4,5). 

The  DAW  structure,  invented  by  V.G.  Andreev 
[8],  we  proposed  as  main  part  of  the  linac.  This 
structure  has  more  wide  dispersion  characteristics 
and  a  higher  shunt-impedance  in  comparison  with 
SCS  and  ACS  structures. 

It  seems  to  us  that  the  DTL  with  PMQs  is  the 
most  suitable  for  the  intermediate  part  of  the  linac. 
Note  that  the  PMQs  allow  us  to  decrease  the  di¬ 
ameter  of  the  drift  tubes  and  thus  to  increase  the 
RF  frequency  and  decrease  active  RF  power  losses. 


which  must  provide  a  r;ore  effective  compression  of 
the  phase  length  of  the  bunch. 

To  provide  adequate  reliability  let  us  set  the  value 
of  the  maximum  RF  electric  field  strength  at  the 
surface  of  the  electrodes  of  the  accelerating  struc¬ 
tures  equal  160  kV/cm,  that  is  1.5  Kp  criterion  for 
a  frequency  of  75  MHz  and  a  gap  of  3  cm.  In  this 
case,  for  the  minimum  value  of  relative  particle  ve¬ 
locity  0.01131  the  average  value  between  adjacent 
electrodes  is  equal  to  2.16  cm.  With  the  field  en¬ 
hancement  factor  1.47  for  a  four- vane  RFQ  struc¬ 
ture  [9,10]  for  defined  parameters  the  value  of  the 
potential  difference  between  the  adjacent  electrodes 
is  equal  to  230  kV/cm.  Beam  bunching  is  designed 
for  quasi-stationary  regimes.  The  value  of  the  aver¬ 
age  field  on  the  axis  of  DTL  resonators  was  chosen 
to  be  2.0  MV/m,  and  the  aper*>>re  is  1.5  cm.  The 
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value  of  the  synchronous  phase  varies  along  the  DTL 
from  —30°  to  -13°.  Calculations  of  the  resonators 
were  carried  out  by  the  RESALV  code  [11].  The  to¬ 
tal  length  of  the  DTL  is  87  m.  The  value  of  the 
synchronous  phase  varies  along  the  DAW  structure 
from  -50°  to  -30°.  The  average  field  on  the  axis 
was  chosen  to  be  1.5  MV/m  [12]. 

A.  Matching  Transitions  in  Linacs 

Because  neighboring  sections  in  the  proposed 
scheme  are  operating  at  different  frequencies  of  RF 
field  and  with  different  types  of  focusing  it  is  neces¬ 
sary  to  match  the  beam  both  in  the  transverse  and 
longitudinal  phase  planes. 

The  special  feature  of  space- homogeneous  quadru¬ 
ple  focusing  creates  one  more  problem  while  match¬ 
ing  the  beam  that  we  do  not  meet  in  linacs  with¬ 
out  RFQ.  The  problem  is  that  the  acceptance  of  the 
RFQ  channel  depends  on  time,  and  the  parameters 
of  normalized  emittance  ol  the  beam  in  the  regular 
channel  are  the  same  along  the  structure  in  any  mo¬ 
ment.  The  dependance  of  the  beam  emittance  on  the 
phase  of  RF  field  causes  it  to  increase  at  the  exit  from 
the  RFQ.  And  this  increase  will  be  larger  the  longer 
the  phase  width  of  the  bunch.  The  calculations  made 
for  the  ISTRA  accelerator  gives  the  value  of  the  rela¬ 
tion  of  the  effective  emittance  at  the  exit  from  RFQ 
with  phase  length  of  70°  to  the  value  of  the  current 
emittance  of  1.70  for  the  focusing  plane  and  1.43  for 
the  defocusing  one.  The  computer  simulation  carried 
out  in  ITEP  allowed  us  to  work  out  the  method  of 
dynamically  matching  the  space-homogeneous  beam 
with  the  static  space  periodical  channel  [13]  (Un¬ 
der  the  dynamical  matching  we  understand  the  con¬ 
version  of  the  beam  with  time-dependent  parame¬ 
ters  into  the  beam  with  parameters  that  do  not  de¬ 
pend  on  time  and  vice  verse.)  If  we  have  the  beam 
crossover  at  the  exit  from  RFQ  for  the  synchronous 
particle  the  coordinates  of  the  particles  in  the  “head” 
and  “tail”  of  the  bund  while  passing  the  output 
cross-section  of  the  RFQ  electrodes  changes  slightly, 
and  the  angles  with  longitudinal  axis  to  a  marked 
degree.  The  phase  portraits  for  the  particle  in  the 
“head”  and  “tail”  of  the  bunch  in  this  case  deflects  to 
different  sides  from  the  position  of  crossover  on  the 
phase  plane,  corresponding  to  the  moment  of  pass¬ 
ing  of  the  synchronous  particles  through  the  output 
cross-sections  of  electrodes.  The  idea  of  the  method 
is  to  create  at  the  exit  from  the  RFQ  a  short  sector 
of  sign-alternative  RF  field  with  the  same  frequency, 


the  phase  of  which  is  shifted  relative  to  the  phase 
of  oscillation  of  the  beam  envelope  for  the  defined 
value  in  order  to  compensate  the  deflection  of  the 
phase  portraits  for  the  particles  in  the  “head”  and 
“tail”  of  the  bunch  to  the  position  of  crossover.  The 
influence  of  matching  RF  field  does  not  change  the 
frequencies  of  transverse  oscillations  of  the  particles, 
but  its  compensating  effect  is  kept  over  a  wide  range 
of  currents. 

The  possibility  of  preserving  the  transverse 
matching  of  the  beam  in  connecting  the  RFQ  and 
DTL  channel  was  studied  in  [14]  for  different  mul¬ 
tiple  frequencies  of  the  RF  field  in  the  DTL.  The 
results  of  this  investigation  show  that  for  specific 
channels  with  the  same  length  of  focusing  period 
and  values  of  phase  advance  it  is  possible  to  real¬ 
ize  the  matching  of  the  beam  with  the  large  phase 
differences  of  transverse  oscillations  of  the  particles 
over  a  wide  range  of  currents.  The  higher  quality  of 
matching  can  be  achieved  by  using  in  the  DTL  mag¬ 
netic  lenses  with  the  maximum  possible  length.  At 
the  connecting  point  of  the  channels  with  the  same 
frequencies  of  RF  field,  the  transverse  matching  of 
the  beam  is  possible  only  at  the  minimal  frequency  of 
transverse  oscillations  of  the  particles  as  most  crit¬ 
ical  for  beam  losses  by  use  of  adiabatic  matching 
horn.  In  any  case  the  necessary  condition  of  the 
direct  connection  of  the  channels  is  the  presence  of 
the  crossover  of  the  beam  for  the  cross-section  of  the 
beam  corresponding  to  the  synchronous  particle. 

Equal  frequencies  of  particle  transverse  oscilla¬ 
tion  (especially  of  a  minimal  frequency)  at  all  the 
passages  between  the  different  parts  of  the  linac  and 
adiabatic  changing  of  beam  parameters  in  the  focus¬ 
ing  channels  of  the  separate  parts  make  it  possible 
to  construct  the  unified  focusing  channel  throughout 
the  linac  in  which  the  matching  of  the  beam  with 
the  channel  has  no  critical  dependence  on  the  beam 
current.  The  conditions  of  correctness  of  the  adia¬ 
batic  approximation  defined  in  [14]  and  illustrated  in 
Fig.  2  of  the  proposed  scheme  are  proved  for  every 
part  of  linac.  Such  a  design  of  the  focusing  chan¬ 
nel  carries  the  problem  of  matching  the  beam  with 
the  channel  to  the  entrance  of  the  RFQ.  Methods 
and  devices  of  matching  the  beam  of  the  electro¬ 
static  injector  and  RFQ  structure  are  well  known 
today  and  have  been  tested  at  the  working  acceler¬ 
ators.  Now  preparations  for  the  experimental  test 
on  the  ISTRA-36  accelerator  of  the  proposed  ITEP 
method  of  dynamic  matching  are  underway.  Match- 
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Figure  2:  The  dependence  of  matching  coefficient  on 
the  number  of  RFQ  cells  for  cosine  law  of  RFQ  elec¬ 
trodes  mean  radius  variation  in  adiabatic  matching 
horn. 

ing  of  the  RFQ  with  the  Alvarez  structure  which 
works  at  the  doubled  frequency  of  RF  field  using  the 
one  gap  buncher  and  the  system  of  matching  mag¬ 
netic  quadruple  lenses  at  the  drift  space  have  been 
realized  on  the  ISTRA-36  accelerator.  Substitution 
of  the  one  gap  buncher  for  the  quarter  wave  match¬ 
ing  resonator  on  the  part  with  RFQ  with  preliminary 
drift  space  [15]  will  let  us  connect  both  structures 
directly  while  preserving  the  transverse  matching  of 
the  beam.  The  possibility  of  such  a  substitution  is 
studied  below. 

To  fully  guarantee  the  absence  of  particle  losses 
additional  bunching  of  the  beam  between  the  RFQ 
and  DTL  with  bunching  factor  1.76  is  needed.  This 
result  may  be  obtained  by  using  a  single-gap  buncher 
with  wavelength  of  2  m  or  4  m,  effective  voltage  of 
162.5  kV  or  325  kV,  respectively,  and  drift  space  of 
80.4  cm.  Between  the  DTL  and  DAW  structures  one 
may  use  the  four-gap  buncher  with  average  field  of 
0.47  MV/m  and  wavelength  of  2  meters.  Use  of  a 
single-gap  buncher  in  this  case  is  impossible  [12]. 


end  of  the  RFQ  and  it  is  defined  by  longitudinal 
Coulomb  repulsion  due  to  decrease  of  the  absolute 
value  of  the  synchronous  phase  in  the  RFQ.  Never¬ 
theless,  the  presented  value  is  2.5  times  higher  than 
the  maximum  current  of  the  beam.  The  matched 
beam  size  along  the  whole  linac  is  below  approxi¬ 
mately  one  half  of  the  aperture.  As  the  taken  value 
of  input  emittance  is  of  an  order  of  magnitude  higher 
than  the  value  adopted  at  LANL  there  is  no  reason 
to  expect  significant  emittance  growth  in  separate 
sections  of  the  linac  than  the  presented  values.  How¬ 
ever,  it  is  necessary  to  confirm  this  estimate  by  beam 
dynamics  simulations. 

As  the  total  length  of  the  RFQ  is  equal  to  8.6  m 
the  total  losses  in  copper  of  the  resonator  are  approx¬ 
imately  570  kW.  Power  consumption  for  acceleration 
is  1.03  MW. 

Analysis  of  the  calculation  results  [12]  shows  that 
the  parameters  of  the  DTL  resonators  are  quite  close 
to  optimum  from  the  point  of  view  of  efficiency.  The 
obtained  data  show  also  that  dissipation  of  RF  power 
in  the  drift  tubes  is  rather  high  (at  the  end  of  the  last 
resonator  each  drift  tube  dissipates  about  80  kW). 
Total  RF  power  losses  in  the  DTL  resonators  is  7.3 
MW  and  total  needed  power  is  51  MW. 

For  estimating  RF  power  losses  in  the  DAW  res¬ 
onators  we  use  the  data  of  MRTI  for  the  INR  meson 
factory:  at  an  energy  gain  of  1  MeV/m  the  specific 
losses  in  copper  are  0.04  MW/m.  At  a  DAW  struc¬ 
ture  length  of  1246  m  the  losses  will  be  50  MW. 
Total  power  consumption  in  the  DAW  resonator  is 
455  MW. 

The  efficiency  of  the  linac  structures  as  a  whole 
is  ~80%. 

IV.  BRIEF  ANALYSIS  OF  PROPOSED 
STRUCTURAL  SCHEMES 


B.  Current  Limits  and  RF  Power  Losses  in  Linac 
Resonators 

Current  limits  and  transverse  dimensions  of  the 
beam  were  calculate,  based  on  typical  parameters 
of  ion  sources  in  the  ITEP  linac  ISTRA-36:  beam 
current  =  150  mA  and  normalized  emittance  =  0.2 
cm  •  mrad.  Emittance  growth  along  the  linac  was 
set  partly  taking  into  account  of  the  experience  with 
previous  computer  simulations  for  ISTRA  [16]  and 
partly  analogical  to  values  calculated  in  LANL.  The 
values  of  current  limits  were  calculated  in  smooth  ap¬ 
proximation  to  oscillation  equations  [17].  The  mini¬ 
mum  value  of  the  current  limit  of  800  mA  is  at  the 


The  structural  scheme  of  designing  a  high  current 
linac  has  the  same  features  in  all  the  projects  pro¬ 
posed  by  ITEP,  MRTI,  LANL  and  JAERI  [4,5,12,18- 
23].  However,  there  are  serious  differences  in  the 
selection  of  such  basic  parameters  as  frequency  and 
type  of  accelerating  structures,  energy  of  the  beam 
at  the  passage  between  structures,  beam  current  and 
so  on.  Because  of  the  high  price  of  accelerators  and 
the  difficulties  of  optimizing  their  characteristics  and 
design,  which  depends  on  a  large  number  of  factors,  a 
detailed  discussion  and  estimation  of  different  struc¬ 
tural  schemes  and  basic  parameters  of  accelerators 
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becomes  a  necessary  and  important  step  in  design¬ 
ing  such  a  linac.  There  are  enough  data  about  the 
schemes  of  accelerators  of  LANL,  MRTI  and  ITEP. 

The  main  disadvantage  of  the  LANL  scheme  is 
the  possibility  of  the  appearance  of  considerable  de¬ 
flection  of  the  bunch’s  particles  from  the  axis  in  the 
different  parts  along  it  after  the  beam  convergence 
device.  If  we  suppose  that  the  deflecting  field  is  si¬ 
nusoidal,  that  the  phase  length  of  the  bunch  is  0.1 
of  the  RF  field  period  in  the  deflecting  device,  that 
it  must  work  at  a  frequency  of  350  MHz,  that  the 
deflecting  angle  in  this  device  is  10°,  and  that  the 
wavelength  of  transverse  oscillations  is  2  m,  then  the 
amplitude  of  coherent  oscillations  of  the  “head”  and 
“tail”  of  the  bunch  will  reach  a  value  of  3  mm.  As 
a  result  of  nonlinearity  of  the  field  inside  the  focus¬ 
ing  lenses,  the  coherent  oscillations  will  quickly  be¬ 
come  noncoherent  and  emittance  will  be  increased 
because  of  the  appearance  of  the  halo  around  the 
bunch,  which  will  cause  the  loss  of  particles.  Addi¬ 
tional  troubles  can  be  expected  because  of  the  possi¬ 
bility  of  excitation  inside  the  accelerating  structure 
of  the  transverse  modes  of  RF  oscillations  by  the 
beam  with  periodical  and  multiple  frequency  deflec¬ 
tions  of  the  different  parts  of  the  beam  from  the  axis 
of  the  structure. 

At  the  same  time  the  LANL  scheme  possesses 
some  important  merits.  Among  them,  the  simplicity 
of  longitudinal  matching  while  the  bunches  pass  from 
one  part  of  accelerator  to  another  (only  one  change  of 
frequency  and  only  for  two  times),  the  filling  in  of  all 
separatrixes  in  accelerators  with  700  MHz  frequency, 
which  decreases  the  peak  current,  and  the  ability  to 
increase  the  shunt-impedance  in  the  structure  with 
the  drift  tubes  at  a  frequency  of  700  MHz  due  to  the 
absence  of  lenses  in  tubes. 

The  scheme  of  the  JAERI  accelerator  [22]  for  en¬ 
ergy  of  1.5  GeV  and  average  current  of  39  mA  will 
be  defined  as  the  experience  is  gained  while  working 
on  the  prototype  BTA-RFQ  structures  with  ener¬ 
gies  of  0.1  -  2.0  MeV  and  the  10  MeV  DTL  with 
pulse  current  of  110  mA,  df=  10%  at  a  frequency 
of  201  MHz.  Probably  such  a  gradual  approach  to 
the  development  of  such  a  large  project  is  the  most 
conservative. 

The  main  disadvantage  of  the  MRTI  scheme  [23] 
is  the  impossibility  of  correctly  matching  the  chan¬ 
nel  with  beam  focusing  by  a  longitudinal  magnetic 
field  of  7.6  T1  with  the  DTL;  this  mismatching  causes 
large  losses  of  particles,  basically  at  a  low  energy.  A 


problem  difficult  to  solve  is  created  by  placing  the 
accelerating  structure  with  the  high  heat  extraction 
inside  the  superconductive  solenoid,  which  will  prob¬ 
ably  reduce  the  reliability  of  the  accelerator.  The 
merit  of  the  scheme  is  the  high  ultimate  current  in 
the  initial  part  if  the  difficulties  with  its  design  can 
be  overcome. 

The  main  disadvantage  of  the  ITEP  scheme  is  the 
very  big  difference  (six  times)  between  the  frequen¬ 
cies  in  the  DTL  and  DAW  that  forces  a  reduction  in 
the  synchronous  phase  along  the  DTL  to  low  abso¬ 
lute  value.  Today  this  decision  is  not  finally  studied 
on  particle  losses.  Among  the  merits  of  the  ITEP’s 
scheme  is  its  simplicity  and  the  possibility  of  trans¬ 
verse  matching  of  the  beam  along  all  the  linac  in  a 
wide  range  of  currents,  use  of  the  structures  tested 
in  the  working  systems,  and  a  good  reserve  in  accep¬ 
tance  for  the  increase  of  the  nominal  current  value. 

Now  we  can  see  that  all  the  proposed  schemes 
have  many  common  features,  especially  in  the  main 
part  of  the  accelerator.  The  choice  of  DAW,  SCS  or 
ACS  structures  can  be  made  after  a  detailed  com¬ 
parison  of  RF  parameters  and  costs  for  construction 
and  use,  which  can  be  done  in  a  short  time. 

A  much  more  difficult  problem  is  the  compar¬ 
ison  of  particle  loss  among  the  various  accelerator 
schemes.  There  is  no  such  data  for  losses  of  10-6  - 
10-7  today. 

Comparison  of  the  results  is  difficult  also  because 
different  programs  for  accelerator  design  are  used  in 
the  different  accelerator  centers.  That  is  why  the 
results  can  be  compared  only  after  calculation  of  the 
beam  dynamics  for  all  the  proposed  schemes  using 
the  same  software  package. 

V.  CONCLUSION 

The  analysis  of  the  proposed  structural  schemes 
of  the  linacs  and  the  results  of  estimates  of  the  linacs’ 
parameters  shows  us  how  impossible  it  is  to  choose 
definitively  the  optimal  structural  scheme  today  with¬ 
out  some  additional  scientific  and  construction  re¬ 
search.  Some  of  the  experimental  investigations  can 
be  realized  on  the  working  accelerators  LAMPF  and 
ISTRA-36.  To  test  heat  removal  from  the  critical 
parts  of  CW  accelerating  structures  a  special  exper¬ 
imental  test  stand  should  be  constructed.  Highly 
efficient  and  reliable  CW  power  generators  must  be 
designed  for  this  project. 

To  collect  data  about  particle  loss  below  the  per¬ 
missible  integral  level  of  1.0  E-6  it  is  necessary  to 
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develop  adequate  programs  for  computing  simula¬ 
tion  of  intensive  beam  dynamics  along  the  whole 
accelerator,  keeping  in  mind  all  the  known  factors 
that  cause  the  beam’s  six-dimensional  phase  volume 
growth.  For  its  minimization  the  investigations  and 
solving  of  the  problems  connected  with  matching  of 
the  beam  with  the  linac  channel  along  its  full  length 
have  to  be  done. 

The  parameters  of  the  project  proposed  by  ITEP 
can  be  corrected  according  to  results  of  additional 
investigations  and  will  be  precise  while  studying  the 
processes  in  the  target  and  blanket  of  the  accelerator. 

The  construction  of  such  a  large  and  expensive 
accelerator  should  be  made  step  by  step  with  the 
necessary  corrections  of  design  at  the  end  of  every 
step.  It  seems  useful  to  start  with  the  construction 
of  a  prototype  of  the  initial  part  of  CW  linac,  which 
will  include  all  the  elements  that  influence  the  beam 
quality. 
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Abstract 

The  main  features  of  beam  dynamics  in  linear 
accelerator  with  magnetostatic  undulators  (lineondutron)  are 
discussed.  Some  expressions  correlating  the  amplitude  value 
of  undulator  and  RF-fields  under  which  the  focusing  and 
acceleration  of  particles  take  place  in  the  absence  of 
synchronism  with  the  haimonics  of  RF-field  are  found.  The 
configuration  of  magnetostatic  and  RF-field  can  be  chosen 
to  provide  an  effective  bunching  and  acceleration  of  the 
beam. 

I.  INTRODUCTION 

The  idea  to  apply  a  combination  of  electrostatic  field  of 
undulator  and  radiofrequency  field  for  acceleration  and 
focusing  of  intense  ion  beams  with  low  injection  energy 
was  discussed  in  [1],  [2].  Employment  of  electrostatic 
undulator  is  useful  for  small  values  of  initial  particle 
velocity.  The  magnetostatic  undulator  may  substitute  instead 
of  electrostatic  one  in  case  of  high  injection  energy  (W>100 
keV  for  proton  beams). 

In  this  paper  we  shall  discuss  the  main  features  of  beam 
dynamics  in  a  lineondutron  with  magnetostatic  undulator.  In 
the  evaluation  of  beam  bunching  and  acceleration  processes 
it  is  important  to  take  into  account  the  beam  defocusing  in 
a  combined  wave-undulator  field.  The  motion  equation  of 
the  particle  may  be  written,  using  Lagrange  function: 

—  P  =  eV(5A-0),  (1) 

dt 

where  P  -  p  +  eA  -  generalized  momentum  of  particle, 

A  =  A„  +  Ao  -  the  overall  potential  vector  of  RF-field  and 
periodical  magnetostatic  field,  <1>  --  potential  of  electrostatic 
field. 

II.  LONGITUDINAL  BEAM  DYNAMICS 

Let  us  see  the  beam  dynamics  in  the  magnetostatic  un¬ 
dulator  (0=0)  in  the  case,  when  no  RF-field  harmonics  are 
synchronized  with  the  beam.  The  trajectories  of  single  beam 
particles  in  general  case  have  complex  nature,  but  they  may 
always  be  represented  as  a  combination  of  fast  oscillations 

r (/)  and  slow  variation  Rc(t).  Correspondingly,  kinetic 
momentum  of  particle  p  is  represented  as  a  sum  of  slowly 

varying  and  quickly  oscillating  components  p  =  pc  +  p.  By 
averaging  over  quick  oscillations,  from  (1)  we  obtain  an 
equation,  which  describes  the  slow  evolution  Rf 


Taking  into  account  only  the  fundamental  space 
harmonics  of  the  wave  and  undulator,  the  equation  (2)  can 
be  rewritten  in  the  form 

<3) 

where  the  potential  function 

U  =  b2  +  bg  -  2 bv  b0  sin  ip.  (4) 

Here  bv0  =  eB^0Au0/2mnc  -  the  dimensionless  amplitudes 
of  the  transverse  components  of  the  wave  magnetic  field  B„ 

and  the  undulator  field  B0.  zto=rot  A.o.  W~  a>ldz/v,  -r ,-y/0 

-  the  particle  phase  in  a  combined  wave  field,  co  -  the 
frequency  of  RF-field,  r=ajt,  ip0  -  the  initial  phase. 

The  normalized  velocity  of  a  synchronized  wave  is 

=  !/L  =  — —  (5) 

*  c  A0  ’ 

where  ft,  and  Ac  --  the  normalized  phase  velocity  and  RF- 
field  wavelength,  Ac  -  the  undulator  period. 

From  (3)  one  can  see  that  the  longitudinal  bunching  and 
acceleration  of  the  beam  are  possible  even  in  the  field  of 
TE-  or  TEM-wave  as  a  result  of  joint  influence  on  the 
beam  of  non-synchronized  RF-  and  undulator  fields 
harmonics.  The  beam  energy  is  increased  due  to  RF-field 
energy. 

At  the  given  amplitudes  the  energy  increase 

A  y  =  AW /me2  on  the  length  Ac  will  be  maximum,  when 

the  transverse  symmetry  (antisymmetry)  planes  over  the 
magnetic  field  of  the  RF-wave  and  undulator  coincide  with 
the  plane,  along  which  the  beam  is  injected.  In  this  case  for 
a  synchronized  particle 


Ay  =  — —  bvb0  cosip,, 

PMc 


i.e.  the  acceleration  rate  is  proportional  to  the  amplitudes  of 
RF-  and  undulator  fields. 


High  level  capture  and  good  bunching  of  the  beam  may 
be  obtained,  provided  one  supplied  the  adiabatic  growth  of 


the  values  bv(z)  and  b0(z)  along  the  longitudinal  axis  and 
corresponding  increase  of  the  undulator  period  Ac .  to  main¬ 
tain  the  beam  synchronism  with  a  combined  wave  field. 
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III.  TRANSVERSE  FOCUSING  OF  BEAM 

The  choice  of  the  functions  b„(z)  and  b0(z)  is  not 
arbitrary  because  simultaneously  with  acceleration  it  is 
necessary  to  supply  transverse  focusing  of  the  beam.  Let  us 
note  that  magnetostatic  undulator  with  transverse  deflection 
fields  can  always  be  treated  as  a  device  producing  slalom 
beam  focusing.  The  transverse  RF-field  of  the  wave  can 
both  focus  and  defocus  the  beam.  A  combined  wave  and 
undulator  field,  accelerating  particles  in  the  longitudinal 
direction,  defocuses  them  in  the  transverse  direction.  * 
Finally,  the  sum  effect  may  be  found  only  from  the  analysis 
of  equation  solutions  (3).  As  one  can  see  from  (3)  and  (4), 
equilibrious  trajectory  may  exist  for  all  the  particles  of  the 
injected  beam,  if  two  conditions  for  the  injection  plane  are 
valid, 

+  ft)  =  0  and  VL(bu  -b0)  =  0.  (7) 

In  the  simplest  case,  when  the  axis  of  magnetic 
undulator  coincides  with  that  of  RF-system  and  the  beam  is 
injected  along  it,  equalities  (7)  are  validated  automatically. 
In  other  cases  an  equilibrious  trajectory  exists,  if  the  field 
amplitudes  and  their  transverse  gradients  are  connected  by 
the  relations 

Bo  =  7^.  V1B0=-^V1B„.  (8) 

Aq  Aq 

This  result  may  be  used  at  high  value  of  the  aperture  of 
the  accelerating  channel,  because  it  allows  to  inject 
particles  beyond  the  axis,  closing  the  beam  to  the  poles  of 
undulators,  in  order  to  increase  the  efficiency  of 
acceleration.  Moreover,  if  the  RF-field  and  undulator  field 
have  multiple  symmetry  (antisymmetry)  planes,  one  can 
simultaneously  accelerate  several  beams. 

The  condition  of  the  transverse  particle  focusing  may  be 
obtained  from  (4),  when  the  effective  potential  has  the 
minimum.  If  the  beam  is  injected  on  the  axis,  a  focusing 
takes  place  for  all  particle  phases,  when 

Bu<a^-B0.  (9) 

A„ 

where  a  - 1  and  depends  on  field  structure  and  beam  phase 
size. 

At  low  energy  of  injection  in  lineondutron  the  amplitude 
of  the  undulator  field  B0  will  be  high  because 
Pt  -  ^#/^»  «1.  The  value  B0  may  be  decreased,  if 

additional  electrostatic  field  E$  =  -V^r1 )  is  used.  The 
equilibrious  trajectory  may  exist  for  all  particles  of  beam, 
when 

=  0  (10) 


and 


Et  = 


eX\ 


Stony 


1- 


AjB^2 


V,s0i: 


(11) 


IV.  SOME  EXAMPLES 

The  effective  amplitude  of  the  accelerating  field 
=  TBEV,  where  Ev  is  amplitude  of  RF-field,  Tt  is  a 
parameter,  proportional  to  the  amplitude  of  undulator  field. 


j.  _  eBpAp 

4  tmcp.Yc  ■ 

For  bunching  and  acceleration  of  nonrelativistic  protons  it  is 
convenient  to  use  RF-resonators,  based  on  uniform 
longitudinal  oscillators.  When  ^,=3m,io  =  0.045  m,  we 
have  ps=  1.5  •  10‘2,  that  corresponds  to  injection  energy 
W,=  100  keV.  If  Bq=  2  T  then  Ev  =  90  kV/cm  and  maximal 
increase  of  energy  in  such  an  accelerator:  1.4  MeV/m.  The 
value  E„  may  be  increased  two  times  without  variation  of 
the  acceleration  rate,  provided  one  decreases  B0  up  to  1  T 
and  introduces  an  additional  transverse  electrostatic  field, 
value  of  which  is  not  greater  than  Ec~  20  -  30  kV/cm. 


V.  CONCLUSION 

Use  of  magnetostatic  undulators  to  accelerate  and  to 
focus  ion  beams  promises  to  be  a  very  perspective  practice. 
The  necessity  to  use  slowing-down  systems  is  removed.  RF- 
systems  may  by  uniform  ones  that  facilitates  their  tuning. 
By  means  of  variation  in  the  amplitude  and  in  the  period  of 
the  undulator  field,  there  is  a  chance  to  provide  high  level 
capture  factor  of  the  beam  and  its  effective  bunching.  Big 
opportunities  are  opened  by  applying  lineondutron  to 
accelerate  quasi-neutral  beams  constituted  by  particles  with 
the  same  Z/M  ratio  but  with  opposite  signs  of  charge  (for 
example,  H*  and  H").  Positively  and  negatively  charged 
particles  are  accelerated  in  the  same  bunch.  Therefore, 
when  injecting  quasi-neutral  beam  into  such  an  accelerator, 
no  difficulties  arise  related  to  limiting  intensity  due  to  the 
value  of  space  charge. 
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Abstract 

The  1-MW  spallation-neutron  source  under  design  study 
at  Los  Alamos  is  driven  by  a  linac -compressor-ring 
scheme  that  utilizes  a  large  portion  of  die  existing  Los 
Alamos  Meson  Physics  Facility  (LAMPF)  linac,  as  well 
as  the  facility  infrastructure.  The  project  is  referred  to  as 
the  National  Center  for  Neutron  Research  (NCNR).  A 
second  phase  of  the  proposal  will  upgrade  the  driver 
power  to  5  MW.  A  description  of  the  1-MW  scheme  is 
given  in  this  paper.  In  addition,  the  upgrade  path  to  the 
substantial  increase  of  beam  power  required  for  the  5  MW 
scenario  is  discussed. 

I.  Introduction 

A  proposal  is  being  developed  to  modify  LAMPF  for  use 
as  a  spallation-neutron  source  1.  The  spallation  source 
would  require  a  1  MW  average  beam  as  the  input  driver, 
with  consideration  being  given  for  a  future  upgrade  to  5- 
MW.  The  1-MW  driver  would  require  that  the  LAMPF 
facility  consistently  and  reliably  provide  30  mA  peak, 

I. 25  mA  average  current  at  800  MeV.  A  large  portion  of 
the  LAMPF  accelerator  can  remain  intact,  but  the  front 
end  of  the  accelerator  would  need  replacement  to  be 
suitable  for  this  application.  This  paper  addresses  the 
issues  associated  with  the  LAMPF  Unac  and  RF 
systems.  Other  papers  at  this  conference  address  other 
parts  of  the  spallation  source 1  *2. 

II.  The  LAMPF  Accelerator 


energy  of  750  keV.  The  current  is  chopped  at  a  201.25 
MHz  rate  and  then  is  accelerated  to  100  MeV  in  a  201.25 
MHz  Drift  Tube  Linac  (DTL).  A  side-coupled  linac 
structure,  operating  at  805  MHz,  accelerates  the  beam  to 
the  final  energy  of  800  MeV.  A  line  diagram  of  the 
LAMPF  accelerator  is  shown  in  Figure  1.  Details  of  the 
LAMPF  accelerator  operation  are  listed  in  Table  1 . 


Table  1 


LAMPF  Accelerator 

Operating  Parameters 

Output  Energy 

800  MeV 

Macropulse  Rep  Rale 

120  Hz 

Pulse  Width 

1  ms 

Micropulse  Rep  Rate 

201.25  MHz 

Production  Capability: 

Iavg  during  macropulse 

17  mA,  H+ 

Duty  Factor 

10% 

Avg.  Beam  Power 

1.4  MW 

Experimental  Operations: 

Iavg  during  macropulse 

21  mA 

I  (using  14  mA,  H+;  and  7  mA,  H") 

The  baseline  design  for  the  neutron  source  driver 
completely  replaces  the  Cockroft-Walton  injectors  and 
the  201.25  MHz  DTL.  This  section  of  the  accelerator  has 
been  the  most  unreliable  part  of  the  accelerator  in  the 
recent  past  The  805  MHz  SCL  would  remain  essentially 
intact 


The  existing  LAMPF  accelerator  consists  of  dual  HI.  Linac  for  the  Intense  Neutron  Source 

Cockraft- Walton  injectors  (H+  and  H')  with  an  output 

The  linac  for  the  proposed  spallation  source  would  use  as 


201.25  MHz 

805  MHz 

|  Injector 

Drift-Tube 
Linac  (DTL) 

-c 

Side  Coupled  Linac  (SCL) 

0.75  MeV  100  MeV 


800  MeV 


Beam  to 

Experimental  Area 


Figure  1.  Line  Diagram  of  the  exisiting  LAMPF  Accelerator 
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much  of  the  existing  LAMPF  accelerator  as  possible. 
Refer  to  Figure  2.  The  front  end  of  LAMPF  would  be 
replaced  with  a  75  keV  H*  injector,  a  402.5  MHz  RFQ 
and  DTL  to  get  the  beam  to  20  MeV,  and  a  second  DTL 
at  805  MHz  to  raise  the  energy  to  100  MeV.  The 
existing  SCL  would  remain  to  accelerate  the  beam  to  800 
MeV  for  insertion  into  the  storage  rings*.  The  RFQ  has 
a  relatively  high  output  energy  (~7  MeV).  The  DTL 
structures  are  all  standard  Alvarez  DTL  tanks.  This  front 
end  uses  relatively  high  gradients  in  order  to  fit  into  the 
existing  LAMPF  tunnel.  The  primary  drawback  to  the 
use  of  high  gradients  is  increased  copper  losses.  The  front 
end  therefore  operates  at  a  lower  efficiency  (beam  output 
power  divided  by  RF  power  in)  compared  to  an  ideal 
structure  with  unlimited  real  estate. 


IV.  Beam  Macropulse  Structure  and  Repetition 
Rate 

The  storage  ring  design  for  this  neutron  spallation  source 
has  a  one-time  transit  time  of  671  ns.  In  order  to  allow 
time  for  kicker  magnet  rise-time,  the  beam  must  have  a 
notch,  so  the  beam  time  profile  is  436  ns  "on"  and  235 
ns  "off'.  In  order  to  obtain  an  average  beam  power  of  1 
MW,  the  average  beam  stored  in  the  rings  must  be  1.25 
mA  (at  800  MeV).  Assuming  a  90%  capture  efficiency  in 
the  rings,  the  linac  average  output  current  must  be  1.39 
mA.  Assuming  a  rep  rate  of  60  Hz  and  a  macropulse 
length  of  1.2  ms,  the  average  current  during  the 
macropulse  must  be  19.5  mA.  Give"  'he  chopping  rate 
described  above  (65%),  the  peak  current  during  the  "on" 
time  of  the  macropulse  is  30  mA. 


402.5  MHz 


|  Injector  — 1 


75  keV 


Radlo-Freq. 
Quad  ru  pot* 
(RFQ) 

402.5  MHz 

805  MHz 

805  MHz 

- 

Drift-Tuba 
Linac  (DTL) 

- 

Drift-Tuba 
Unac  (DTL) 

— j  Side  Coupled  Linac  (SCL) 

7 

MeV  20 

M< 

»V  10 

0  MeV  800  Me 

Beam  to 
Rings 


Figure  2.  Line  Diagram  of  the  Proposed  NCNR  Driver  Linac. 


The  SCL  consists  of  44  modules,  each  driven  by  a  1.25 
MW  klystron.  Very  little  of  this  portion  of  the 
accelerator  will  need  to  be  changed  for  the  1  MW  driver. 
The  primary  changes  would  come  in  the  low-level 
feedback/feedforward  controls. 

Structure  power,  beam  power,  and  RF  power 
requirements  for  the  RFQ,  DTL's,  and  SCL  are  shown  in 
Table  2.  The  RF  generator  size  for  the  new  sections  is 
nominally  1.25  MW  based  on  the  existing  Ground  Test 
Accelerator  (GTA),  LAMPF,  and  Ballistic  Missile  Early 
Warning  System  (BMEWS)  klystron  technology.  Two- 
klystron  modulators  based  on  the  GTA  technology^ 
would  be  used  for  all  new  klystrons.  Small  RF 
generators  (10  kW  or  less)  are  needed  for  matching 
section  cavities  between  the  RFQ  and  first  DTL  and 
between  the  two  DTL's.  These  amplifiers  will  either  be 
solid  state  (if  the  power  is  low)  or  triode  or  tetrode-based 
cavity  amplifiers  (if  more  than  a  few  kW  is  needed). 


The  output  beam  is  shared  between  two  storage  rings*, 
one  operating  at  40  Hz  and  one  at  20  Hz.  This  output 
requires  that  the  injector  be  pulsed  at  a  120  Hz  rate,  but 
the  RF  in  the  accelerator  cavities  is  pulsed  only  at  the 
"syncopated"  rate  shown  in  Figure  3.  The  RF  therefore 
must  be  capable  of  repeating  at  a  120  Hz  rate  but 
averages  only  60  pulses  per  second. 

V.  The  LAMPF  SCL 

There  is  one  area  of  concern  with  the  SCL.  Some  of  the 
low  energy  modules  are  very  long  because  four  separate 
tanks  are  bridge-coupled  together  and  driven  by  a  single 
klystron.  The  measured  group  delay  from  the  drive  point 
to  one  end  of  the  structure  is  about  l-ps  in  these 
modules,  and  the  loaded  Q  of  the  structure  is  about  9000, 
giving  a  fill  time  of  about  3.5  ps.  It  is  therefore 
impossible  for  the  RF  feedback  system  to  keep  up  with 
the  chopping  rate  of  the  beam  because  the  response  time 


Table  2 


Sections  of  NCNR  and  Power  Required 


Section 

S9 

#  of  Tanks 

#of  RF 
Modules 

EHSTtSEJl 

New? 

IuOHhI 

RFQ 

402.5 

1 

2 

0.14 

1.4 

1.93 

yes 

DTL-1 

402.5 

2 

2 

0.25 

1.23 

1.85 

yes 

DTL-2 

805 

15 

8 

1.6 

4.2 

7.25 

n1 

SCL 

805 

104 

44 

13.7 

27 

51 

no  1 

♦Total  RF  Power  includes  a  25%  margin  for  control  and 
losses 
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is  so  much  slower  than  the  chopping  rate.  Since  the 
beam  chopping  pattern  is  repetitive  and  known,  one 
could  consider  die  use  of  feedforward  and  a  large  amount 
of  RF  overdrive  to  correct  die  beam  chopping  transients. 
However  die  long  group  delay  of  the  structure  precludes 
successful  control.  The  RF  cannot  get  from  the  drive 
point  to  the  structure  ends  fast  enough  to  react  to  the 
beam. 


VI.  Plans  for  Upgrade  to  5  MW 

The  plans  for  upgrade  to  S  MW  are  very  sketchy  at  this 
point  The  baseline  accelerator  for  the  S  MW  source  has 
an  output  energy  of  1.6  GeV  and  a  current  level  of  75 
mA.  The  pulse  width  and  duty  factor  are  unchanged.  This 
accelerator  would  almost  certainly  require  tunneling  at  the 


hjactor  PulaM  (120  Ha)  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 

Ring  1  (20  Hz)  |  |  | 

Ring  2  (40  Hz)  I  I  I  I  I  I 

RF  Pulses  (60  Hz  Average,  |  |  III  III  I 

120  Hz  rate) 

Figure  3.  Distribution  of  pulses  to  the  two  rings  for  NCNR 


Two  items  can  ameliorate  the  beam  loading  problem  due 
to  a  chopped  beam.  If  the  structure  has  enough  stored 
energy,  there  will  be  a  minimal  drop  in  the  structure  field 
from  the  front  to  the  rear  of  the  pulse.  Initial  analysis  of 
this  variation  in  fields  with  NCNR  currents  shows  a 
droop  of  1.5%  in  one  module  during  the  "on"  time  of  the 
beam.  This  is  being  investigated  further  to  see  if  the 
beam  transport  system  will  carry  the  beam  with  this 
amount  of  energy  variation. 

Another  solution  being  considered  is  to  break  the 
modules  in  half,  and  drive  each  half  independently.  Not 
all  modules  are  large,  so  this  would  only  be  done  on  a 
few  of  the  SCL  modules.  The  RF  system  would  still  not 
be  fast  enough  to  respond  at  the  chopping  rate,  but  the 
droop  per  tank  would  be  cut  by  a  factor  of  4  (droop  is 
proportional  to  N2,  N  =  number  of  cells). 

An  experiment  is  planned  for  early  June,  1993,  in  which 
two  different  modules  of  the  LAMPF  accelerator  will  be 
operated  with  GTA  style  feedback  controls.  NCNR  will 
require  that  LAMPF  operate  at  what  has  historically  been 
the  limits  of  its  capability.  One  of  the  problems  has  been 
beam  spill  at  high  operating  currents.  The  major  portion 
of  the  lost  beam  at  LAMPF  occurs  during  the  beam  turn¬ 
on  transient  The  GTA- style  feedback  controls  allow 
precise  setting  of  the  feedback  gains  and  have  the 
capability  of  adaptive  feedforward  control*.  The  adaptive 
feedforward  technique  is  an  extremely  powerful  tool  for 
the  correction  of  repetitive,  systematic  errors.  For  more 
detail  about  the  use  and  applications  of  adaptive 
feedforward  refer  to  the  paper  by  Ziomek^,  et  al,  in  these 
proceedings. 


low  energy  end  (between  the  two  DTL's).  The  path  to  1.6 
GeV  can  go  two  ways.  In  the  first,  an  afterburner 
(perhaps  superconducting)  would  be  added  to  the  existing 
structure  to  raise  the  output  energy  from  800  MeV  to 
1600  MeV.  This  scheme  assumes  that  operation  at  1 
MW  has  shown  the  capability  for  successful  operation 
with  2.5  times  more  current  In  the  second  scheme,  the 
complete  SCL  structure  and  perhaps  some  of  the  DTL 
structures  would  be  replaced  with  a  new  structure 
(perhaps  superconducting). 
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Abstract 

A  heavy-ion  synchrotron  dedicated  to  medical  use  is 
under  construction  at  the  National  Institute  of  Radiological 
Sciences,  Japan.  The  injector  system,  comprising  a  PIG 
source,  an  ECR  source,  an  RFQ  linac,  and  an  Alvarez  linac  of 
100  MHz,  accelerates  heavy  ions  with  a  charge-to-mass  ratio 
as  small  as  1/7,  up  to  6  MeV/nucleon.  First  operation  of  the 
injector  system  has  shown  satisfactory  performance. 

I.  INTRODUCTION 

A  heavy-ion  synchrotron,  HIMAC  (Heavy  Ion  Medical 
Accelerator  in  Chiba)  [1],  is  under  construction  at  the 
National  Institute  of  Radiological  Sciences  (NIRS),  Japan. 
HIMAC  is  the  first  heavy-ion  accelerator  dedicated  to  medical 
use  in  the  world.  Its  design  is  based  on  the  requirements  of 
radiological  treatments,  referring  to  the  research  of  biological 
effectiveness  and  clinical  trials  at  LBL.  Ions  with  atomic 
numbers  between  2  (helium)  and  18  (argon)  are  accelerated, 
and  the  maximum  energy  is  800  MeV/nucleon  far  ions  with  a 
charge-to-mass  ratio  (q/A)  of  1/2,  corresponding  to  a  range  of 
30  cm  in  tissue.  The  reliability  of  the  accelerator  is  of  great 
importance. 

The  injector  system  [2]  comprises  two  types  of  ion 
sources  (a  PIG  source  and  an  ECR  source),  an  RFQ  linac  and 
an  Alvarez  linac  of  100  MHz  with  three  tanks.  The  beams 
extracted  from  the  ion  sources  are  transported  through  a  low- 
energy  beam  transport  line  (LEBT),  7  m  long,  and  injected 
into  an  RFQ  linac.  The  Alvarez  linac  follows  the  RFQ  linac 
and  an  interlinac  transport  line  (LLBT),  1.9m  long.  The 
medium-energy  beam  transport  line  (MEBT)  transports  the 
accelerated  beam  to  the  synchrotron.  The  transport  lines  also 
include  the  beam  diagnostic  apparatus  :  Faraday  cups,  profile 
monitors,  electrostatic  pickup  electrodes,  etc.  A  100  MHz 
debuncher  cavity  is  installed  in  the  MEBT  line  to  suppress  the 
energy  spread  to  ±0.2%. 

The  linac  system  accepts  heavy  ions  with  a  q/A  as  small 
as  1/7  and  has  no  charge  strippers  except  for  a  stripper  foil  in 
the  MEBT.  The  specifications  of  the  injector  system  are 
summarized  in  Ihble  1. 


The  injector  system  has  been  completed  and  operation 
started  in  March,  1993. 

Ihble  1.  Specification  of  the  injector  system. 

Ion  species 

4He  ~  40 Ar 

Charge-to-mass  ratio 

>\n 

Ion  sources 

PIG  &  ECR 

Frequency 

100  MHz 

Repetition  rate 

3Hz  max 

Duty  factor 

0.3%  max 

Acceptance 

0.6n  mm  mrad  (normalized) 

RFQ  linac 

Input/Output  energy 

1 

j* 

00 

Vane  length 

7.3  m 

Cavity  diameter 

0.59  m 

Max  surface  field 

205  kV/cm  (1.8  Kilpatrick) 

Peak  rf  power 

260  kW  (70%  Q) 

Alvarez  linac 

Input/Output  energy 

0.8  /  6.0  MeVAiucleon 

Ibtal  length 

24  m  (3  rf  cavities) 

cavity  diameter 

2.20/ 2.18 /2.16  m 

Average  axial  field 

1.8  /  2.2  /  2.2  MV/m 

Max  surface  field 

150  kV/cm  (1.3  Kilpatrick) 

Peak  rf  power 

840  /  830  /  770  kW  (75%Q) 

Focusing  sequence 

FODO  (5.1  kG/cm  max) 

Output  beam  emittance  <  1.5n  mmmrad  (normalized) 

Momentum  spread 

£  ±  lxlO'3 

H.  ION  SOURCES 

T\vo  types  of  ion  sources  (PIG  and  ECR)  were  chosen 
based  on  their  reliability  of  operation,  capability  to  produce 
the  required  intensities,  and  simple  maintenance.  The  sources 
are  placed  on  platforms  to  which  a  high  voltage  of  60  kV  can 
be  applied. 

A.  PIG  Source 

The  PIG  source  is  an  mdirectly  heated  (hot)  cathode 
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III.  LINACS 


type.  The  performance  of  the  PIG  ion  source  is  shown  in 
Thble  2.  The  extraction  voltage  is  25  kV  and  the  discharge 
power  is  2-3  kW  at  peak  and  1  W  on  the  average.  A  typical 
value  of  the  emittance  is  about  250n  mmmrad  for  both  the  x 
and  y  directions.  The  lifetime  of  the  source  is  about  two 
weeks,  due  to  a  low  duty  factor.  The  stability  is  satisfactory 
and  no  adjustments  of  the  operation  parameters  are  necessary 
for  24  hours. 

Table  2.  Beam  intensities  (in  emA)  extracted  from  the  PIG 
ion  source  at  a  test  bench.  Underlined  species  have  q/A  values 
larger  than  1/7.  The  intensities  in  parentheses  may  not  be 
correct  due  to  the  mixed  beam  with  the  same  q/A  value. 


Ion 

Gas-flow 

Charge  state 

(cc/min.) 

1+ 

2+ 

3+ 

4+ 

5+ 

6+ 

7+ 

8+ 

4He 

20  (He) 

15 

12 

12C 

0.6  (C02) 

1.0 

15 

(3.0)  0.6 

0.02 

14n 

0.6  (N2) 

12 

15 

L2 

12 

16q 

0.6  (C02) 

2.0 

12 

(12) 

12 

122 

2°Nc 

:  1.1  (Ne) 

2.0 

12 

QJ 

11 

Q.02 

28Si 

*  0.3  (At) 

0.4 

M 

15 

0.05 

0.01 

^Ar 

0.2  (Ar) 

1.5 

1.9 

1.8 

!£ 

2d 

12 

*  Produced  by  sputtering  of  a  crystal  with  Ar  ions. 

B.  ECR  Source 

The  ECR  source  has  a  simple  single-stage  structure 
with  microwaves  of  10  GHz  and  1.9  kW.  The  magnetic  Held 
for  confinement  consists  of  a  IT  axial  field  produced  by  two 
solenoidal  coils  and  a  0.8T  radial  field  by  a  set  of  permanent 
sextupole  magnets.  A  typical  operational  condition  is  a  gas- 

flow  rate  of  5  x  10-4  Torr-I/sec  and  a  vacuum  of  about  1  x 

10“^  inside  the  plasma  chamber.  The  performance  of  the  ECR 
source  is  summarized  in  Table  3. 

Table  3.  Beam  intensities  (in  epA)  extracted  from  the  ECR 

ion  source.  See  captions  of  Table  2. _ 

Ion  Charge  state 

1+  2+  3+  4+  5+  6+  7+  8+  9+ 


»H 

1610 

4lfc 

1290  (440) 

14N 

310  552  252  242  222 

25 

160 

290  250  !S2  (180)  120 

74 

20Ne  360  210  (122)  22  12  5  12 

40 At  360  170  100  100  (100)  100  jflfl  120  $1 


A.  RFQ  Linac 

The  RFQ  linac  is  a  conventional  type  with  four  vanes. 
The  cavity  is  mechanically  separated  into  four  tanks.  The  four 
vanes  were  placed  in  each  tank  independently  and  the  four 
tanks  were  aligned  precisely.  The  tanks  are  made  of  copper- 
plated  mild  steel,  whereas  the  vanes  are  made  of  solid  copper. 
The  rf  contact  between  the  vanes  and  the  tank  walls  is 
achieved  by  spring-rings  made  of  silver  coated  stainless  steel. 

A  rather  low  frequency  of  100  MHz  was  chosen  to 
obtain  a  sufficient  focusing  strength.  The  calculated 
transmission  efficiency  exceeds  90%  for  a  DC  beam  with  a 
focusing  strength  of  B  =  3.8.  The  longitudinal  and  transverse 
voltage  distributions  are  controlled  by  40  side-tuners.  Those 
tuners  were  welded  after  the  voltage  distribution  was  tuned 
within  errors  of  4.9%  in  the  longitudinal  and  2.6%  in  the 
transverse  directions. 

The  transverse  phase  matching  between  the  RFQ  and 
Alvarez  linac  is  achieved  by  a  quadrupole-magnel  quadruplet 
and  steering  magnets  installed  in  the  LLBT. 

B.  Alvarez  Linac 

The  linac  tank,  24  m  long  in  total,  is  separated  into 
three  independent  rf  cavities.  The  tanks  are  made  of  copper- 
clad  mild  steel,  and  the  drift  tubes  are  copper-plated  stainless 
steel.  Each  drift  tube  is  supported  by  horizontal  and  vertical 
stems,  3  and  5  cm  in  diameter,  respectively.  An  overview  of 
the  RFQ  and  Alvarez  linacs  is  given  in  Figure  1. 


Figure  1 .  The  RFQ  and  Alvarez  linacs. 


The  number  of  unit  cells  is  106  and  the  gap-to-cell- 
length  ratio  is  around  0.22.  Every  second  drift  tube  is 
equipped  with  a  quadrupolc  magnet.  The  Q-magncts  have 
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laminated  cores  and  are  excited  by  pulse  power  sources  with  a 
flat-top-duty  of  0.3%  to  reduce  the  thermal  loads.  The  54 
quadrupole  magnets  were  designed  in  four  categories:  70, 90, 
135,  and  165  mm  in  length,  and  5.1, 4.0,  2.7,  and  2.2  kG/cm 
in  field  gradient 

The  tolerance  of  alignment  of  the  Q-magnets  was 
estimated  with  the  program  PARMILA.  The  transverse 
emittance  growth  is  not  serious  when  the  alignment  error  is 
<0.1  mm  in  the  transverse  direction,  including  the  errors  of 
rotation  (±1°),  tilt  (±1°),  and  excitation  (±0.5%).  The  accuracy 
was  achieved  by  an  alignment  telescope  and  an  optical  target 
inside  a  bore  hole  of  the  tube.  The  tilt  of  the  acceleration  field 
was  tuned  with  side-tuners,  which  were  welded  after  the 
tuning,  within  an  error  of  2%.  The  calculation,  however, 
showed  that  a  phase  difference  larger  than  ±3°  between  three 
tanks  had  large  effects  on  the  beam  quality.  An  automatic 
phase  control  system  was  therefore  developed  so  that  the 
phase  stability  could  be  measured  to  be  better  than  ±0.5°/8h. 

Three  sets  of  1.4  MW  amplifiers  excite  three  cavities  of 
the  Alvarez  linac.  Each  amplifier  consists  of  a  final  stage  and 
two  driver  stages  (100  kW  and  5  kW),  which  are  equipped 
with  power  tubes  of  Siemens  RS2074SK,  RS2058CJ,  and 
RS2032CL,  respectively. 

C.  Control  System 

A  control  system  consists  oi  three  hierarchical  layers:  a 
system  control  unit  (SCU),  a  group  control  unit  (GCU),  and  a 
universal  device  controller  (UDC).  The  SCU  of  pVAX3500 
mainly  works  as  a  man-machine  interface.  The  GCU, 
comprising  two  pVAX  II,  directly  controls  the  peripheral 
devices  through  the  UDCs,  which  are  16-bit  micro-computers 
installed  in  the  devices.  The  SCU  is  connected  through  an 
ETHERNET  to  a  central  computer  unit  by  which  it 
communicates  with  other  systems:  a  synchrotron  system,  a 
high-energy  beam  transport  line,  and  a  treatment  control 
system.  Another  ETHERNET  is  installed  to  connect  the  SCU 
and  the  GCU.  The  UDCs  are  linked  to  the  GCU  with  optical 
fiber  lines.  All  devices  are  controlled  at  an  operator  console 
with  four  touch  panels  and  three  rotary  encoders. 

VI.  PERFORMANCE  OF  THE  LINACS 

Installation  of  the  injector  system  was  completed  in 

February,  1993.  The  beams  of  4He+  and  4®Ar^+  were 
successfully  accelerated  in  the  first  operation  about  a  month. 
The  success  of  acceleration  in  a  relatively  short  term  made  us 
confident  of  the  reliability  of  the  system.  The  typical 
parameters  and  characteristic  values  for  the  acceleration  of 

4He+  (q/A  =  1/4)  are  summarized  in  Table  4.  The  observed 
values  of  the  transmission  for  the  both  linacs  were 
satisfactory.  Figure  2  shows  the  beam  pulse  shape  after  the 


Alvarez  linac.  The  beam  intensity  was  stable  within  ±3%/2h 
without  any  changes  in  the  operational  parameters. 

Table  4.  Typical  parameters  and  characteristic  values  for 
acceleration  of  ^He+  (q/A  =  1/4). 

RFQ 


Injected  beam  intensity 

190  pA 

Extracted  beam  intensity 

167  pA 

Transmission  of  RFQ 

88% 

Beam  width 

1  ms 

Rf  power 

86  kW 

Tank  vacuum 

1.0  x  10'7  Toir 

Alvarez  linac 

Injected  beam  intensity 

167  pA 

Extracted  beam  intensity 

138  pA 

Transmission  of  Alvarez 

83% 

Repetition  rate 

1.3  Hz 

Rf  pulse  width 

1.2  ms 

Rf  power 

270  /  390  /  270  kW 

Tank  vacuum 

0.9  ~  1.0  x  10'7  Toir 

Figure  2.  Observed  beam  pulse  (output  of  a  buffered 
amplifier)  after  the  acceleration  by  Alvarez  linac. 
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ABSTRACT 

Measurements  have  been  made  of  the  absolute  energy 
of  the  fourth  tank  of  our  linac  by  measuring  the  time-of-flight 
of  individual  beam  bunches  passing  between  strip-line  beam 
monitors  at  the  entrance  and  exit  of  each  tank  of  the  linac. 
Accurate  time-of-flight  measurements  are  facilitated  by  the 
fact  that  the  beam  remains  well  bunched  between  strip-line 
monitors  in  the  drift  region  beyond  the  fourth  tank.  Cable 
lengths  were  carefully  measured  using  time-domain 
reflectometry.  The  data  for  tank  4  gave  the  time-of-flight 
over  a  49.17  meter  drift  as  395.8  (±0.5)  nanoseconds.  This 
translates  into  a  measured  P  of  0.4155.  The  design[l]  p  few 
tank  4  is  0.4141.  Futher  measurements  on  other  linac  tanks 
are  planned,  if  machine  time  becomes  available.  In  addition 
to  determination  of  absolute  beam  energy,  the  time-of-flight 
data  can  be  used  for  absolute  energy  calibration  of  the  mag¬ 
netic  spectrometer  system  used  for  detailed  energy  analysis 
of  the  beam.  We  plan  to  implement  this  technique  on  the 
Linac  Upgade[2]  to  be  installed  in  the  summer  of  1993. 

EXPERIMENTAL  CONFIGURATION 


the  section  of  beam  into  3  or  4  micropulses.  Future  experi¬ 
ments  will  attempt  to  produce  single  bunch  micropulses  by 
retuning  the  beamline  and  throught  strategic  placement  of 
apertures. 

Figure  1  is  an  oscillogram  from  a  Tek-7104  oscillo¬ 
scope  screen.  The  pulse  train  contains  seven  bunches.  The 
larger  amplitude  pulse  traincomes  from  seven  bunches  pass 


In  this  experiment  it  was  important  to  identify  signals 
produced  from  the  same  bunch  at  two  different  locations. 
The  macropulse  (train  of  beam  bunches)  for  the  Fermilab 
linac  is  produced  by  an  electrostatic  chopper  which  selects  a 
portion  of  the  DC  beam  from  the  preaccelerator.  The  initial 
state  has  one  plate  charged  and  one  grounded  which  deflects 
the  DC  beam  into  a  carbon  disk. When  beam  is  desired,  the 
charged  plate  is  grounded  and  the  beam  passes  undeflected. 
To  terminate  the  macropulse,  the  second  plate  is  taken  to  the 
opposite  polarity  of  the  first  plate  so  the  beam  is  again 
deflected.  The  rise  time  of  the  thyratrons  that  switch  the 
plates  is  such  that  the  shortest  macropulse  is  50  to  100  nsec 
long  which  the  buncher  converts  into  approximately  10-20 
micropulses. 

A  new  circuit  was  devised  out  to  produce  the  3-4  mi¬ 
cropulse  burst  used  in  these  experiments.  In  the  new  cicuit, 
one  of  the  plates  is  disconnected  from  its  corresponding 
thyratron  and  grounded.  The  other  plate  is  given  a  DC  bias  so 
that  its  starting  voltage  is  half  its  original  value.  When  the 
thyratron  fires,  the  voltage  on  the  plate  switches  polarity.  As 
the  voltage  passes  through  zero,  a  short  section  of  beam  (~  20 
nsec)  passes  down  the  beam  line.  The  buncher  then  converts 


*  Fermilab  is  operated  by  the  Universities  Research  Association 
under  contract  to  the  US  Department  of  Energy. 


Figure  1. 

ing  the  BPM  detector  at  the  entrance  to  tank  5  .  The  second 
pulse  train  is  produced  by  the  same  seven  bunches  passing 
BPM  detector  located  at  exit  of  the  tank  7. 


BPM 


BPM 


Figure  2. 

The  setup  used  in  this  experiment  is  shown  schemati¬ 
cally  in  figure  2.  The  delay  and  adjustment  cables  are  used  to 
insure  that  signals  from  two  BPM  detectors  arrive  at  about 
the  same  time  and  that  they  can  both  be  displayed  on  the 
scope  screen  with  the  shortest  available  time-base.  This  ex¬ 
periment  was  performed  using  a  Tek-7401  scope.  The  time- 
base  was  2nsec/div.  The  relative  distance  between  two  de- 
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lectors  is  known  with  a  accuracy  of  ±5  cm.  We  were  able 
to  read  time  interval  between  two  signals  with  error  of  ±0.5 


iOOsY 


Figure  3. 


:r,5 


Figure  4. 


Figure  5. 

nsec.  Figures  3  and  4  show  two  signals  on  the  scope  screen 
with  5nsec/div  and  2nsec/div  time  bases,  respectively.  Data 


from  figure  4  were  used  to  determine  P  at  exit  of  the  tank  4. 

The  cable  length  or  the  time  that  the  signal  travels 
from  BPM  detector  to  the  scope  is  measured  using  time- 
domain  reflectometry.  We  have  used  an  HP8753C  network 
analyzer  to  determine  cable  length.  Figure  5.  is  typical  ex¬ 
ample  of  cable  length  measurement.  Three  peaks  are  associ¬ 
ated  with  the  cable  connector  on  the  detector,  gap  of  the 
strip-line  detector  and  termination  of  the  strip-line, 
respectively.  The  marker  position  represents  the  time  it  takes 
for  an  impulse  launched  at  the  test  port  to  reach  a  disconti¬ 
nuity  and  to  return.  Although  the  position  of  the  marker  is 
displayed  with  tenths  of  picosecond,  HP  documentation^]  is 
not  clear  concerning  how  errors  are  estimated.  Using  short 
cables  whose  lengths  are  known  we  have  convince  our  self 
that  errors  are  less  than  ±0.5  nanosecond. 

RESULTS  AND  CONCLUSIONS 

The  data  for  tank  4  gave  the  time-of-flight  over  a 
49.17  (±0.05)  meter  drift  as  395.8  (±0.5)  nanoseconds.  This 
translates  into  a  measured  p  of  0.4155[1±0.002],  The  design 
P  for  tank  4  is  0.4141.  We  plan  to  implement  this  technique 
on  the  Linac  Pugged  to  be  installed  in  the  summer  of  1993. 
We  will  use  wall  current  monitors  for  beam  detection.  Posi¬ 
tions  of  detectors  will  be  known  to  ±0.5  am.  We  hope  to 
measure  time  intervals  up  to  ±0.insect  using  a  Tetroxide 
Schedule  transient  waveform  recorder. 
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Abstract 

A  conceptually  simple  method  for  tuning  linac 
tanks  has  been  tested  on  the  Alvarez  linac  at  Fermilab. 
Phases  of  beam-induced  signals  in  stripline  detectors  are 
measured  as  tank  phase  is  scanned  over  approximately 
360  degrees.  The  stripline  detectors  are  located  down¬ 
stream  of  the  tank  being  tuned.  The  phase-scan  curves 
have  unique  signatures  that  depend  upon  input  beta  and 
electric  field.  By  matching  theoretical  curves  of  beam 
phase  versus  tank  phase  to  measured  curves,  the  important 
tuning  parameters  are  determined.  The  tank  parameters 
which  are  varied  during  curve  matching  include  field  am¬ 
plitude,  input  beta,  and  relative  tank-phase  offset  of  the 
phase-scan  curves.  The  actual  phase  of  the  tank  fields 
relative  to  the  design  phase  is  found  by  noting  the  position 
of  the  actual  tank  phase  along  the  phase-scan  curve,  once 
a  curve  match  is  obtained. 

I.  INTRODUCTION 

The  idea  of  comparing  broad  phase-scan  signatures 
with  theory  to  determine  tank  field  amplitude,  phase,  and 
input  beta  was  suggested  at  Fermilab  a  few  years  ago 
[1,2].  A  similar  idea  was  also  proposed  independently  at 
the  Los  Alamos  National  Laboratory  [3].  The  early  re¬ 
ports  demonstrated  that  characteristic  features  of  the 
phase-scan  curves  depend  in  unique  ways  upon  input  beta 
and  tank  electric  field.  References  [4]  and  [S]  are  more 
recent  papers  which  allude  to  the  idea. 

The  phase-scan  signature  matching  technique  can 
be  used  to  find  all  tuning  parameters  needed  to  center  the 
beam  in  longitudinal  phase  space,  including  tank  electric 
field,  input  beta,  and  tank  phase.  Originally,  phase-scan 
signature  matching  was  suggested  as  a  means  of  coarse- 
tuning  the  Fermilab  linac  [1,2].  The  classical  delta-t  pro¬ 
cedure  [6]  was  to  be  used  for  fine  tuning. 

One  form  of  the  delta-t  procedure,  which  must  be 
used  on  some  of  the  linac  tanks,  assumes  that  the  input 
energy  equals  the  design  value.  This  assumption  can  lead 
to  errors  in  the  procedure  [2].  The  phase  scan  signature 


*  Fermilab  is  operated  by  the  Universities  Research  Association 
under  contract  to  the  US  Department  of  Energy. 


matching  technique,  on  the  other  hand,  makes  no  assump¬ 
tions  about  any  of  the  tank  parameters.  In  addition,  the 
phase-scan  signature  technique  can  be  used  even  if  the 
tank  settings  are  far  from  design  values.  The  delta-t  pro¬ 
cedure  assumes  that  the  tank  settings  are  close  to  design 
values.  Our  recent  results  as  well  as  results  published  by 
LANL  [3]  suggest  that  the  phase-scan  signature  matching 
technique  may  provide  accuracies  of  a  few  tenths  of  a 
percent. 

The  phase-scan  signature  matching  technique  will 
be  one  of  the  tools  used  to  tune  the  new  Linac  Upgrade  at 
Fermilab  [7].  Commissioning  is  scheduled  to  commence 
in  late  summer  of  this  year.  Although  the  phase-scan 
technique  by  itself  appears  sufficiently  accurate  to  prop¬ 
erly  position  the  beam  in  longitudinal  phase  space,  we 
presently  plan  to  use  the  delta-t  procedure,  and  spectrom¬ 
eter  measurements  to  confirm  phase-scan  signature 
matching  results. 

II.  EXPERIMENTAL  PROCEDURES 

The  basic  idea  behind  the  phase-scan  measurements 
is  illustrated  in  figure  1.  In  die  figure,  tank  N  is  the  tank 
being  tuned.  All  upstream  tanks  are  turned  on  and  all 
downstream  tanks  are  turned  off.  The  rf  power  for  tank  N 
is  initially  turned  off.  The  phase  of  the  beam  induced  sig¬ 
nals  (beam  phase)  at  a  downstream  monitor  is  then 
recorded.  This  zero-power  beam  phase  reading  is  sub¬ 
tracted  from  all  subsequent  beam  phase  readings.  The 
theoretical  beam  phases  are  similarly  referenced  to  a  zero- 
power  phase  (unaccelerated  beam). 

Radio-frequency  power  to  tank  N  is  next  turned  on, 
and  the  beam  phase  is  recorded  as  a  function  of  tank  N 
phase.  The  tank  phase  is  varied  over  approximately  360 
degrees.  The  tank  phase  signal  is  derived  from  direct  mea¬ 
surements  of  tank  fields  using  pickup  loops  in  the  tanks. 
Phase  detection  for  both  the  beam  signal  and  the  tank  sig¬ 
nal  is  performed  using  I&Q  demodulators.  This  technique 
was  first  suggested  to  us  by  workers  at  the  Los  Alamos 
National  Laboratory  [8]. 

The  detector  output  is  periodic,  repeating  every 
time  the  input  phase  changes  by  2n.  The  beam  phase  can 
vary  over  a  range  much  greater  than  2 n  radians,  necessi¬ 
tating  measures  to  eliminate  potential  ambiguities  in  the 
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Figure  1.  Schematic  diagram  of  the  phase-scan  signature  monitoring  system. 


raw  data.  The  data  analysis  software  keeps  track  of  the 
number  of  2 n  increments  which  occur  in  the  phase  scans 
and  removes  the  ambiguities. 

Tank  phase  is  varied  over  approximately  360  de¬ 
grees  for  at  least  two  reasons.  First  of  all,  more  complete 
comparisons  between  theory  and  experiment  can  be  made. 
Secondly,  verification  can  be  made  that  the  beam  phase  at 
360  degrees  of  tank  phase  equals  the  beam  phase  at  0  de¬ 
grees  of  tank  phase.  If  the  beam  phases  are  equal  at  each 
extreme  of  tank  phase,  we  can  be  sure  that  the  software 
has  properly  tracked  any  2n  jumps  in  beam  phase  readings 
due  to  I&Q  demodulator  periodicity. 

A  special  application  program  designed  within  the 
framework  of  the  Fermilab  ACNET  accelerator  control 
system,  has  been  written  to  control  and  analyze  the  phase 
scans.  After  raw  demodulator  signals  have  been  collected 
and  converted  to  beam  phase  and  tank  phase,  the  operator 
can  shift  the  whole  phase-scan  curve  continuously  along 
the  tank-phase  axis,  and  in  2it  phase  increments  along  the 
beam-phase  axis. 

The  movement  of  the  phase-scan  curve  follows  the 
movement  of  a  cursor  placed  directly  on  the  graph.  The 
cursor  movement  is  controlled  using  a  mouse.  This  pro¬ 
vision  allows  the  operator  to  manually  line  up  the  curve  as 
closely  as  possible  with  a  target  curve  that  is  superim¬ 
posed  on  the  graph  of  beam  phase  versus  tank  phase.  The 
target  curve  is  generated  from  the  theory  using  design  val¬ 
ues  for  electric  field  and  input  beta  for  the  tank. 

Once  the  best  manual  curve  fit  to  the  target  curve  is 
obtained,  a  least-squares  procedure  is  implemented  to  find 
the  theoretical  curve  which  best  matches  the  measured 
data.  The  program  first  requests  that  the  operator  select 
up  to  20  points  along  the  phase-scan  curve.  The  fitted 
curve  will  be  through  these  selected  points.  With  manual 


selection  of  points,  the  operator  can  avoid  curve  fitting  to 
particularly  noisy  regions  or  to  regions  where  there  may 
be  beam  loss.  He  is  also  free  to  select  points  in  portions  of 
the  curves  that  are  particularly  sensitive  to  variations  in 
electric  field  and  input  beta.  By  doing  so,  accuracy  can  be 
improved. 

For  least-squares  curve  fitting,  the  subroutine, 
MINUIT,  from  the  CERN  numerical  library,  is  used. 
Three  variable  parameters  are  used  in  MINUIT.  These 
Include  tank  electric  field,  input  beta,  and  offset  of  the 
measured  tank  phase.  When  a  least-squares  fit  has  been 
found,  the  program  shifts  the  measured  data  by  the  calcu¬ 
lated  tank  phase  offset,  and  draws  the  theoretical  least- 
squares  curve  through  the  measured  points.  The  electric 
field  and  input  beta  derived  from  the  least-squares  fit  are 
printed. 

Finally,  a  marker  appears  on  the  phase-scan  graph  at 
the  position  of  the  current  tank  phase  setting.  The  marker 
actively  follows  any  tank  phase  adjustments.  The  opera¬ 
tor  can  now  adjust  the  tank  phase  to  the  appropriate 
position  along  the  phase-scan  curve.  If  the  electric  field 
and  input  beta  equal  design  values,  the  proper  tank  phase 
setting  will  be  zero  on  the  phase  scan  curve,  since  we  have 
referenced  all  phases  to  the  design  phase  in  the  theory. 
Tank  phases  different  from  zero  may  be  appropriate  if 
electric  field  and  input  beta  are  not  equal  to  desiga 

III.  PHASE  SCAN  SIGNATURES 

Figure  2  is  an  example  of  the  phase-scan  data  that 
are  obtained  on  tank  6  of  the  drift-tube  linac  at  Fermilab. 
The  faint  solid  line  in  the  figure  is  the  least-squares  curve 
fit  to  the  measured  data.  The  fitted  curve  is  nearly  indis¬ 
tinguishable  from  the  measured  points  in  figure  2.  The 
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TANK  PHASE  (DEGREES) 

Figure  2.  Phase-scan  curves  for  tank  6  of  the  Fermilab  drift-tube  linac.  Beam  phase  is  measured  16.96  meters  past 
the  end  of  tank  6.  Tank  electric  field  (E)  and  beta  (at  input)  are  referenced  to  design  values. 


dashed  line  in  figure  2,  which  deviates  from  the  measured 
points,  is  the  design  curve.  From  the  least-squares  fitting 
procedure,  the  difference  between  design  and  measured 
phase-scan  curves  indicates  that  the  tank  electric  field  is 
2.6%  above  the  design  value  and  the  input  beta  is  0.18% 
below  design. 
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Abstract 

The  Positive-Ion  Injector  (PH)  for  ATLAS  is 
complete.  First  beams  from  the  new  injector  have  been 
accelerated  and  used  for  experiments  at  ATLAS.  The  PII 
consists  of  an  ECR  ion  source  on  a  350-kV  platform  and  a 
low-velocity  superconducting  linac.  The  first  acceleration  of 
uranium  for  the  experimental  program  has  demonstrated  that 
the  design  goals  of  the  project  have  been  met  Since  the 
summer  of  1992,  the  new  injector  has  been  used  for  the 
research  program  approximately  50%  of  the  time. 
Longitudinal  beam  quality  from  the  new  injector  has  been 
measured  to  be  significantly  better  than  comparable  beams 
from  the  tandem  injector.  Changes  to  the  mix  of  resonators 
in  the  main  ATLAS  accelerator  to  match  better  the  velocity 
profile  for  heavy  beams  such  as  uranium  are  nearly  complete 
and  uranium  energies  up  to  6.45  MeV  per  nucleon  have  been 
achieved.  The  operating  experience  of  die  new  ATLAS 
facility  will  be  discussed  with  emphasis  on  the  measured 
beam  quality  as  well  as  achieved  beam  energies  and  currents. 

INTRODUCTION 

The  ATLAS  Positive-Ion  Injector  (PII)  project  was  a 
development  project  with  a  goal  of  providing  6  MeV/nucleon 
beams  of  uranium  ions  as  well  as  higher  energies  of  other 
ions.  ATLAS[1],  the  world's  first  application  of  RF 
superconducting  technology  for  heavy-ion  acceleration,  was 
originally  designed  to  use  an  existing  electrostatic  tandem 
accelerator  as  the  injector  for  the  superconducting  linac.  This 
injector  was  limited  to  providing  beams  with  A£100  due  to 
stripper  foil  lifetimes  and  the  total  available  voltage. 

The  Positive-Ion  Injector[2,3]  was  proposed  in  1985 
to  solve  the  limitation  on  ATLAS  performance  imposed  by 
this  tandem  injector.  The  project  is  now  complete  and  has 
been  operating  as  an  integral  part  of  the  ATLAS  facility  since 
April,  1992.  During  the  past  year,  the  new  PII  has  met  all  of 
its  design  goals  and  in  a  number  of  important  areas  now 
routinely  exceeds  those  goals.  The  specific  goal  of  providing 
uranium  beams  at  energies  in  excess  of  6  MeV/A  was 
achieved  on  February  9,  1993  when  a  beam  energy  of  6.45 
MeV/A  (1535.1  MeV)  was  achieved.  Beam  currents  in 
excess  of  4  pnA  at  6  MeV/A  have  been  delivered  to  target 
during  more  recent  runs. 

In  the  remainder  of  this  paper,  specific  performance 
parameters  are  reported  and  compared  to  expected 
performance.  Near  term  future  improvement  plans  are  also 
discussed. 

SYSTEM  DESCRIPTION 


The  PII  consists  of  two  major  components.  An 
electron  cyclotron  resonance  (ECR)  ion  source  on  a  350-kV 
platform  provides  high  charge-state  ions  (duuge-to-mass 
ratio  (Q/A)£fi.l)  to  a  new  independently-phased 
superconducting  resonator  linac  with  a  total  effective  voltage 
of  approximately  12  MV.  A  floor  plan  of  the  PII  is  shown  in 
Figure  1. 

The  PQ  ECR  ion  source[4]  is  the  first  ECR  source  to 
operate  on  a  high  voltage  platform.  Attention  was  given  to 
minimizing  power  consumption  while  maintaining  good 
performance  for  high  charge-state  ion  production  and  to 
provide  maximum  flexibility  for  the  production  of  beams 
from  solids.  The  source  operates  with  an  RF  frequency  of  10 
GHz.  The  high  voltage  platform  design  provides  for  the 
necessary  source  and  beam  transport  utilities  while 
maintaining  a  total  voltage  stability  of  AV/V-llf4.  Routine 
performance  of  the  source  for  uranium  ions  using  U02  source 
material  is  shown  in  Figure  2. 


POSITIVE -ION  INJECTOR 


SCALE  liMWti) 


Fig.  1.  Major  dements  of  the  Positive-Ion  Injector. 

The  PII  linac  consists  of  18  niobium 
superconducting  quarter-wave  resonators[5]  (see  Figure  3)  of 
four  different  matched  velocities.  Superconducting  solenoids 
are  interspersed  among  the  resonators  for  transverse  focusing. 
The  first  resonator  in  the  PII  is  designed  for  a  matched 
velocity  of  0.009c  for  ions  with  Q/A=0.1.  The  average 
accelerating  gradient  of  the  resonators  in  the  PII  linac  section 
during  recent  operation  has  been  3.6  MV/m,  corresponding  to 
a  surface  field  of  18  MV/m.  This  performance  is  a  significant 
improvement  over  the  design  accelerating  gradient  of 
approximately  3  MV/m.  Operation  at  these  gradients  has 
been  reliable  and  trouble-free.  Average  power  into  the 
helium  system  under  these  conditions  is  about  6.5  watts  per 
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resonator.  An  important  contributor  to  this  level  of  resonator 
performance  is  the  significant  improvement  in  die 
performance  of  the  fast-tuning  phase  stabilization  system 
(VCX)  for  these  resonators[6]. 

The  goal  of  the  PII  design  was  to  develop  a  low- 
velocity  linac  system  which  combines  broad  Q/A  ratio 
acceptance,  excellent  beam  quality,  increased  beam  current, 
and  high  total  efficiency.  These  goals  have  been  fully 
realized  in  the  achieved  performance  of  the  PII. 

OPERATING  EXPERIENCE 

The  complete  ATLAS-PH  system  began  providing 
beams  far  the  research  program  in  April,  1992  and  the 
facility  became  fully  operational  in  July,  1992.  Since  then  the 
PII  has  been  used  as  the  ATLAS  injector  more  than  50%  of 
the  time  and  now  nearly  80%  of  all  beam  time  is  provided  by 
the  PII.  Nearly  1800  hours  of  research  beam  time  has  been 
provided  during  the  past  year.  The  system  has  been  quite 
reliable  with  beam  on-target  92%  of  the  scheduled  experi¬ 
mental  time.  Table  I  lists  the  beams  which  have  been 
provided  to  the  research  program  during  that  period. 


Fig.  2.  Uranium  charge-state  distribution  from  ECR  source. 

Table  I 

Properties  of  Beams  Accelerated  During  First  Year  of  PQ 
Operation 


Ion  Species 

PII  Exit 

Max.  ATLAS 

PIILonj 

Energy 

Energy  Used 

Emit  (it 

(MeV) 

(MeV) 

keVns) 

20Nc*+ 

33 

160 

27aj3+ 

45 

167 

28.30Si5,7+ 

43 

161 

12 

36,40^.10,9 

62,69 

260 

8 

78,83^,16. 15A30 

125 

450,723 

92,100mo15 

153 

440 

132.13«Xe18 

178 

752 

62 

208pjj24&39 

248 

1018 

20 

238jj24A39 

300 

1535 

39 

The  longitudinal  emittance  (the  area  occupied  in 
energy-time  space)  of  beams  from  the  Positive-Ion  Injector 
was  expected  to  be  improved  over  that  possible  from  the 
tandem  injector,  largely  because  of  the  reduced  need  for 
stripping  for  medium  mass  beams  and  improved  beam 
transport  optics.  The  transverse  beam  emittance  was 
expected  to  be  similar  to  that  of  beams  from  the  tandem 
injector.  Those  expectations  have  been  met.  The 
longitudinal  emittances  of  a  number  of  the  beams  from  the 
PH  have  been  measured  and  are  generally  one  half  the  values 
for  beams  of  similar  mass  from  the  tandem.  Table  I  lists  the 
longitudinal  emittance  of  a  number  of  PII  beams.  The  quoted 
value  is  the  product  of  half-width  half-maximum  in  units  of  it 
keVns. 

URANIUM  BEAM  DEVELOPMENT 

The  first  acceleration  of  uranium  with  the  new 
Positive-Ion  Injector(PII)  of  ATLAS  was  successfully 
accomplished  during  the  week  of  July  27,  1992.  A  beam  of 
300-600  electrical  nanoamps  238U28+  was  provided  by  the 
ECR  ion  source  and  accelerated  by  the  PII  linac  to  293  MeV. 
This  beam  was  stripped  to  a  42+  charge  state  and  further 
accelerated  to  1363  MeV  (5.7  MeV  per  nucleon)  by  the 
ATLAS  linac.  Beam  current  after  stripping  and  acceleration 
was  6  enA  at  the  exit  of  the  accelerator  (for  300  enA 
injected).  A  second  uranium  run  occurred  in  the  first  week  of 
September. 


TYPt  I,  I,  I,  I, 

P  0.008  0010  0  025  0  037 

L,  (00)  10.2  15.5  25.4  25.4 

0  (do)  1.5  1.5  3.5  3.1 

I  (l#tt)  45.5  45.5  45.5  72.75 

F0  W /m)  4.5  3.0  3.0  3.0 

Fig.  3.  Resonators  used  in  the  Positive-Ion  Injector.. 

A  number  of  important  techniques  were 
demonstrated  and  refined  in  these  early  runs.  The  most 
important  of  these  was  the  highly  successful  tuning  of  the 
’booster'  portion  of  the  ATLAS  linac  with  an  analog  beam 
from  the  tandem.  In  this  case  34S6+,  which  has  the  same 
charge- to-mass  ratio  as  238U42+,  was  used.  This  analog  beam 
technique  is  necessary  because  a  number  of  charge  states  are 
now  injected  into  the  ’booster’  portion  of  the  linac  and  so. 
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tuning  of  a  single  selected  charge  state  is  not  possible  for  this 
section  of  the  linac  before  completion  of  the  charge-state 
selector. 

During  the  Fall  and  Winter,  1992  a  major  upgrade 
project  to  the  existing  ATLAS  linac  took  place  in  order  to 
achieve  the  goal  of  reliable  operation  of  6  MeV/A  uranium 
with  beams  current  of  5-10  pnA.  Six  of  the  resonators  in  the 
ATLAS  linac  which  had  a  matched  velocity  of  approximately 
0.15c  were  replaced  with  resonators  whose  matched  velocity 
was  0.1c.  This  modification  results  in  a  significantly 
improved  match  to  the  velocity  profile  of  low  charge- to-mass 
ratio  beams  such  as  uranium,  fit  addition,  the  improved  fast 
tuner  design  was  implemented  for  those  devices. 

The  results  of  the  improvements  implemented  in  this 
period  resulted  in  achieving  a  uranium  beam  energy  of  6.45 
MeV/A  during  February,  1993  with  approximately  lpnA  on 
target.  Additional  improvements  in  the  system  have  now 
resulted  in  subsequent  runs  in  March  and  May  yielding  beam 
currents  of  5-7  pnA  at  6.45  MeV/A  for  the  experimental 
program.  The  increase  in  beam  current  was  due  to  the  use  of 
lower  charge  states  from  the  ECR  ion  source  and  from  the 
stripping  distribution.  In  the  most  recent  run  in  May,  1993, 
charge  state  24+  was  selected  from  the  source  while  charge 
state  39+  was  selected  from  the  stripping  foil.  The  analog 
beam  used  for  this  situation  was  60Ni10+. 

Stripper  foil  lifetime  and  charge-state  distributions, 
which  are  very  important  to  the  performance  of  ATLAS  fa* 
these  very  heavy  beams,  have  been  studied.  Both  carbon  foils 
and  self-supporting  beryllium  foils  have  been  used. 
Beryllium  foils  exhibit  a  charge-state  distribution  peaked 
toward  higher  charge  states  as  shown  in  Figure  4.  This  effect 
has  been  previously  reported[7]  and  is  due  to  reduced 
recombination  cross-sections  for  the  low-Z'  materials.  Foil 
lifetime  for  carbon  striping  uranium  at  300  MeV  have  been 
measured  to  average  175  pnA-hours.  Beryllium  foil  lifetime 
has  not  been  as  good  with  an  average  of  75-100  pnA-hours. 

Uranium  Charge  State  Distribution 

In  Be  and  Carbon  Foils  0290  MeV 


|  40  ngnvtam2  Ctrbcn  FOK  — SO  jigm/cm2  Be  | 

Fig  4.  Stripped  charge-state  distributions  from  beryllium  and 
carbon  foils  at  290  MeV. 


Beam  transmission  through  the  PII  linac  was 
excellent  for  uranium.  The  total  beam  transmission  through 
the  PII  linac  was  as  high  as  63%,  including  the  bunching 
efficiency.  Typical  bundling  efficiency  is  60-70%,  indicating 
that  the  transport  effidency  of  bunched  beam  through  the  PII 
is  greater  than  90%.  Transmission  through  the  ATLAS 
accelerator  averaged  80-85%.  The  normalized  transverse 
emittance  of  the  uranium  and  lead  beams  has  been  measured 
to  be  between  0.2  -0.5n  mm-mr.  This  is  two  to  three  times 
greater  than  expected.  We  are  investigating  the  cause  of  this 
emittance  growth. 


CONCLUSION  AND  SHORT  TERM  PLANS 

The  initial  operation  of  the  new  PII-ATLAS  system 
has  met  all  of  the  project  goals.  Resonator  and  ion  source 
performance  meet  or  exceed  all  the  specific  goals.  The 
system  reliability,  even  during  these  early  operational  runs 
has  been  excellent 

A  new  charge-state  selector  system,  which  will  select 
and  deliver  to  the  ATLAS  linac  a  single  charge-state  from  the 
PII  stripper,  is  expected  to  be  installed  in  the  Fall,  1993.  This 
will  eliminate  the  need  to  tune  the  booster’  section  of  the 
linac  with  a  'guide'  beam  and  simplify  setup  for  the  heaviest 
of  beams. 

A  new  wet  engine  will  be  installed  in  September, 
1993  on  one  of  the  refrigerators  in  the  system  to  provide 
increased  refrigeration  capadty  and  to  improve  reliability. 
Resonator  performance  improvements  may  also  be  realized. 

This  research  was  supported  by  the  US  D.O.E., 
NucL  Phys.  Div.,  contract  W-31-109-ENG-38. 
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Abstract 

On  the  7  MeV  proton  linac  at  ICR,  the  improvement  of 
the  beam  transmission  has  been  made.  The  measurement  of  the 
RFQ  output  beam  was  performed  and  the  beam  matching  ele¬ 
ments  were  designed  and  constructed  to  match  the  RFQ  output 
beam  to  the  acceptance  of  the  Alvarez  linac.  The  emittance  is 
42  rt  m  mrad  and  30  ntnmrad  in  the  x-x'  plane  and  y-y'  plane, 
respectively.  The  energy  spread  is  80  keV  at  2  MeV.  The 
matching  elements  consist  of  four  permanent  magnetic  qua- 
drupoles  and  a  quarter  wave-length  resonator  buncher.  The  RF 
power  up  to  S.O  kW  has  been  safely  fed  into  the  buncher,  which 
is  well  enough  to  provide  a  designed  bunching  voltage  of  180 
kV. 

L  INTRODUCTION 

At  Institute  for  Chemical  Research  (ICR),  7  MeV  proton 
linac  consisting  of  an  RFQ  and  an  Alvarez  cavities,  has  been 
constructed.  The  layout  of  the  accelerator  is  shown  in  Figure 
1.  It  is  operated  at  55psec  pulse  width,  180  Hz  repetition  rate. 
The  operating  frequency  of 433  MHz  is  chosen  to  be  more  than 
twice  higher  than  that  of  conventional  proton  linacs,  so  that  the 
cavity  size  becomes  compact  and  klystrons  are  available  as  RF 
power  sources  in  this  frequency  range. 

The  first  7  MeV  beam  was  accelerated  about  one  year 
ago.  The  input  RF  power  were  540  kW  for  RFQ  and  320  kW 
for  Alvarez  cavity.  The  total  transmission  through  two  cavities 


Figure  1.  Layout  of  the  accelerator  system. 


0-7803-1203-  1/93S03.00  ©  1993  IEEE 


is  measured  to  be  50  %  [1].  This  low  transmission  comes  from 
the  mismatching  of  the  beam  in  the  injection  into  the  RFQ  and 
Alvarez  cavity.  For  the  former,  the  final  focus  element  in  the 
injection  line  is  prepared  just  before  the  RFQ  [2],  For  the  latter, 
the  beam  matching  elements  between  two  cavities  were  de¬ 
signed  and  constructed,  based  on  the  beam  measurements  of 
the  RFQ,  such  as  a  transverse  emittance  and  an  energy  spec¬ 
trum. 

II.  BEAM  MEASUREMENTS  OF  THE  RFQ 

The  transverse  emittance  and  the  energy  spectrum  were 
measured  at  the  place  for  the  beam  matching  section  between 
the  RFQ  and  the  Alvarez  linac.  The  measurement  devices  were 
developed  to  be  compact  for  the  limited  space.  The  beam  cur¬ 
rent  is  low  for  these  measurements,  usually  about  200  pA. 

A.  Transverse  emittance 

The  emittance  monitor  consists  of  a  fluorescent  screen 
(Desmarquest,  AF995R)  and  movable  slits.  A  schematic  dia¬ 
gram  of  the  monitor  is  shown  in  Figure  2  [3],  The  x-slit  and  y- 
slit  define  the  transverse  position.  The  transverse  spread  of  the 
beam  is  measured  by  the  screen  that  is  located  downstream  of 
the  slits.  Because  of  the  high  position  sensitivity  of  the  screen, 
we  can  get  the  high  resolution  of  the  transverse  momentum. 
The  distance  between  the  slits  and  the  screen  is  315  mm.  The 
resolution  is  0.5  mm  for  the  position  and  1  mrad  for  the  angle. 


Movable 

slits 


Figure  2.  Schematic  diagram  of  the  beam  emittance  monitor 
system. 
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The  screen  can  be  also  used  for  the  profile  monitor  when  the 
slits  are  extracted. 

The  fluorescent  material  is  an  alumina  ceramic  (99.S  %  - 
AI2O3)  in  which  a  little  chromium  oxide  is  homogeneously 
doped.  The  fluorescence  is  observed  by  a  CCD  camera 
(PULN1X  model  TM720)  which  is  placed  80  cm  away  from 
the  screen.  The  camera  is  adjusted  so  that  the  output  signal  may 
be  in  proportion  to  the  input  light  intensity.  The  shutter  timing 
is  synchronized  to  the  pulse  operation  of  the  linac.  The  output 
signals  from  the  CCD  are  digitized  and  stored  by  an  image 
freezer.  The  digitized  image  is  displayed  on  a  TV  monitor  and 
transferred  to  a  personal  computer.  It  calculates  the  beam  pro¬ 
file  and  the  emittance. 


Figure  3.  Measured  90  %  emittance  of  the  RFQ  output  beam, 
(a),  (b) :  the  input  RF  power  of  540  kW, 

(c),  (d) :  the  input  RF  power  of  370  kW. 
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Figure  4.  Comparison  between  the  measured  (solid  line)  and 
calculated  (dotted  line)  emittance. 


The  measured  results  are  shown  in  Figure  3.  The  emit¬ 
tance  is  for  90  %  of  the  beam  intensity  and  measured  at  180 
mm  behind  the  vane  end  of  the  RFQ.  The  input  RF  power  is 
540  kW  at  (a),  (b),  which  is  the  designed  input  power  and  370 
kW  at  (c),  (d).  Figure  4  shows  the  comparison  between  the 
measured  emittance  and  the  calculated  one.  The  fluctuation  of 
the  emittance  by  the  RF  power  level  is  within  2  %  for  the 
power  level  around  the  designed  one. 

B.  Energy  spectrum 

A  compact  analyzing  magnet  was  devised  to  measure  the 
energy  spread  of  the  RFQ  beam  [4],  The  cross  section  of  the 
magnet  is  shown  in  Figure.5.  It  has  C-shape  and  only  the  poles 
is  in  vacuum  side,  because  the  magnet  had  to  be  installed  in  the 
small  space  and  in  the  vacuum.  The  yokes  go  through  the 
vacuum  flange  made  of  stainless  steel  and  the  coil  is  located  in 
the  air  side.  It  can  generate  the  magnetic  field  of  1  Tesla  at  8 
mm  gap  through  out  100  mm  length.  The  deflection  angle  is  30 
degree.  The  beam  is  detected  by  a  Faraday  cup  with  a  collima¬ 
tor  which  is  210  mm  away  from  the  poles.  The  energy  resolu¬ 
tion  is  1  %  at  2  MeV. 

The  energy  spectrum  is  shown  in  Figure  6.  The  input  RF 
power  is  540  kW.  The  FWHM  of  the  energy  spread  is  80  keV. 
The  result  is  consistent  with  the  simulation. 

III.  BEAM  MATCHING  SECTION 

The  schematic  view  of  the  beam  matching  elements  be¬ 
tween  RFQ  and  Alvarez  linac  are  shown  in  Figure  7  [5].  The 
transverse  beam  matching  is  attained  by  four  permanent  mag¬ 
netic  quadrupole  lenses  (PMQs).  They  are  compact  compared 
with  an  electromagnet  and  the  multiple  elements  can  be  in¬ 
stalled  in  the  limited  space.  The  magnet  material  of  the  PMQ  is 
Nd-Fe-B.  The  bore  radius  is  5.5  mm  and  the  magnetic  field 
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Figure  5.  The  cross  section  of  the  analyzing  magnet 


1698 


1.8  1.9  2  2.1  22 

Beam  energy  (MeV) 

Figure  6.  The  energy  spectrum  of  the  RFQ  output  beam. 

gradient  is  around  18.6  kGauss/cm. 

The  buncher  matches  the  longitudinal  beam  distribution. 
It  is  a  quarter  wave-length  resonator  (QWR)  and  the  resonance 
frequency  is  433  MHz,  which  is  the  same  as  that  of  the  linac 
system.  It  has  merits  of  a  high  shunt  impedance  and  a  simple 
structure.  The  unloaded  Q-value  is  7400  and  the  shunt  imped¬ 
ance  is  8.8  Mi2.  In  the  high  power  test,  the  RF  power  of  5.0  kW 
has  been  successfully  fed  after  the  5  hours  conditioning.  The 
designed  bunching  voltage  is  180  kV.  The  voltage  was  esti¬ 
mated  from  the  maximum  energy  of  the  emitted  X-ray  and  it 
was  confirmed  that  the  designed  voltage  can  be  obtained  when 
the  input  RF  power  is  3.6  kW. 

IV.  SUMMARY 

We  have  developed  the  compact  analyzing  magnet  and 
the  emittance  monitor  using  the  fluorescent  screen.  The  trans¬ 
verse  emittance  and  the  energy  spectrum  of  the  RFQ  beam 


were  measure  by  the  devices.  Based  on  the  results  and  the 
simulation,  the  matching  elements  were  designed  and  con¬ 
structed  to  match  the  Twiss  parameters  of  the  beam  between 
RFQ  and  Alvarez.  They  consists  of  the  four  PMQs  and  the 
QWR  buncher.  The  designed  RF  power  can  be  fed  into  the 
buncher. 

The  beam  test  of  the  linac  system  with  the  matching  ele¬ 
ments  is  in  progress  and  the  improvements  of  the  injection  line 
to  the  RFQ  is  also  scheduled. 
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Abstract 

The  SSC  linear  accelerator  will  generate  a  25  raA, 
600  MeV,  H-  beam  with  transverse  normalized  rms  emittance 
less  than  0.3  it  mm«mrad  in  9.6  (is  pulses  at  a  10  Hz 
repetition  rate.  The  Linac  will  ultimately  have  to  operate  with 
an  availability  for  Collider  filling  in  excess  of  98%.  In 
addition,  the  Linac  will  provide  beams  to  service  the  Test 
Beams  facility  and  may  be  delivering  beam  to  a  Proton 
Radiotherapy  Facility.  This  paper  presents  an  overview  of  the 
status  of  design,  procurement,  fabrication,  civil  construction, 
foreign  contributions  and  commissioning  plans,  and  directs  the 
reader  to  additional  details  available  in  other  presentations  to 
this  Conference. 

I.  INTRODUCTION 

The  main  parameters  of  the  SSC  Linac  [1-3]  are  given  in 
Table  1.  Negative  hydrogen  ions  are  accelerated  so  that4-tum 
charge  changing  injection  can  be  used  in  the  Low  Energy 
Booster  [4]  (LEB)  to  minimize  emittance  growth  during  the 
injection  process.  The  energy  and  fundamental  rf  frequency  of 
428  MHz  are  chosen  to  make  emittance  growth  due  to  space 
charge  as  small  as  possible  in  the  linac,  to  make  space  charge 
tune  shift  at  the  start  of  the  LEB  cycle  [5]  manageable,  to 
maintain  the  option  of  bunch-to-bucket  transfer  into  the 
booster  synchrotron  by  having  an  integer  relationship  between 
the  linac  rf  frequency  and  that  of  the  LEB  at  injection,  and  to 
allow  use  of  klystrons,  rather  than  gridded  tubes  in  the  rf 
supplies.  Sufficient  space  has  been  provided  in  both  the 
tunnel  and  the  rf  gallery  for  the  additional  equipment  needed  to 
increase  the  linac  energy,  if  that  route  to  higher  luminosity  is 
chosen.  The  transverse  emittance  and  availability 


specifications  are  derived  from  the  overall  complex 
requirements  of  1  n  mm*mrad  at  the  collision  point  and 
availability  to  take  data  80%  of  the  time  scheduled. 

II.  GENERAL  DESCRIPTION 

The  linac  consists  of  an  rf-driven  volume  source  and 
electrostatic  low  energy  beam  transport  (LEBT),  a  427.6  MHz 
radio  frequency  quadrupole  (RFQ),  a  drift  tube  linac  (DTL) 
operating  at  the  same  frequency  as  the  RFQ  and  a  specialized 
matching  section  to  match  the  RFQ  output  beam  into  the 
DTL  input  acceptance.  A  coupled-cavity  linac  (CCL) 
operating  at  1282.8  MHz  is  preceded  by  another  matching 
section  to  take  the  DTL  output  beam  and  transform  it  into  the 
acceptance  of  the  CCL.  Transition  energies  from  one  type  of 
accelerator  to  another  have  been  chosen  to  produce  a  cost- 
optimized  high-performance  design. 

A  FODO  channel  transports  the  beam  to  the  start  of  the 
Linac-LEB  transfer  line  and  smoothly  matches  the  CCL 
transverse  optics  to  that  of  the  transfer  line.  This  space  would 
be  occupied  by  additional  CCL  modules  as  part  of  a  linac 
energy  upgrade.  At  the  end  of  the  transport  line,  an  energy 
compressor  cavity  reduces  the  beam  energy  spread  to 
<  100  keV,  as  required  by  the  LEB  for  preparation  of  beam  for 
the  Collider.  The  transfer  line  and  LEB  injection  girder  match 
the  linac  beam  into  the  LEB,  place  it  on  the  closed  orbit  and 
pass  it  through  a  stripper  foil  in  an  orbit  bump. 

Specific  features  have  been  incorporated  in  the  CCL,  the 
transport/transfer  lines  and  the  tunnel,  to  allow  the  Linac  to 
provide  beam  to  a  proton  radiotherapy  facility  under 
consideration  for  the  West  Campus  [6]. 


Table  1 

SSC  Linear  Accelerator  Parameters 


RFQ 

DTL 

CCL 

Frequency  (MHz) 

427.613 

427.613 

1282.84 

Number  of  rf  systems 

1 

4 

9 

Input  Energy  (MeV) 

0.035 

2.5 

70 

Output  Energy  (MeV) 

2.5 

70 

600 

Input  Current  (mA) 

30 

27 

27 

Output  Current  (mA) 

27 

27 

27 

Output  Transverse  Emittance 

(n,rms)  (jc  mm»mrad) 

<  0.20 

<  0.21 

<  0.25 

Total  rf  power  required/system  (MW) 

0.345 

1.187-2.387 

11.98-12.28 

Total  rf  power  available/system  (MW) 

0.6 

4.0 

20 

Structure  power/system  (MW) 

0.280 

0.89-1.89 

10.37-11.27 

Peak  surface  field  (MV/m;*  sparking  limit) 

36;  1.8 

28;  1.4 

32;  1.0 

Total  length  (m) 

2.1863 

24.366 

112.41 
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III.CURRENT  STATLiS 


Both  the  rf  volume  source  and  its  cesiated  surface  source 
predecessor  [7-9]  produced  beams  with  greater  than  specified 
brightness  at  the  design  operating  conditions.  The  volume 
source  is  favored  because  it  needs  no  cesium  and  is  easier  to 
condition.  Engineering  solutions  for  the  higher  gas  load  and 
electron  contamination  have  been  developed. 

Several  electrostatic  LEBTs  are  being  studied  for  use  in 
the  SSC  Linac.  Most  experimental  work  has  tv  n  done  on  a 
system  comprised  of  a  pair  of  Einzel  lenses  [10,1 1].  High 
voltages  and  emittance  growth  in  this  device  due  to  its  inherent 
non-linearity  are  seen  as  long-term  problems  which  will 
probably  lead  to  its  replacement  by  an  electrostatic  quadrupole 
system  [7,12,13],  but  for  initial  commissioning  of  Linac 
systems,  the  Einzel  lens  system  will  be  used. 

The  RFQ  was  built  for  SSCL  by  Los  Alamos  National 
Laboratory,  AT  Division,  and  delivered  to  SSCL  on  schedule, 
in  August  1992.  It  has  been  installed  on  the  Injector  Test 
Stand  (Figure  1),  integrated  with  its  support  systems,  rf 
conditioned  and  operated  [14]  with  beam.  Its  performance  [15- 
19]  has  been  excellent,  and  in  agreement  with  simulation  in  all 
respects. 

Detailed  design  of  the  RFQ-DTL  matching  section  is 
complete,  and  construction  is  advancing  on  a  schedule  which 
will  see  all  components  delivered  to  SSCL  in  June  for 
assembly  and  commissioning  off-line  in  July  and  operation 
with  beam  in  August  [20,21], 

Construction  activities  on  the  DTL  are  proceeding  at  full 
speed  at  AccSys  Technology,  Inc.,  with  scheduled  delivery  of 
the  first  tank  in  mid-January  1994,  and  delivery  of  the  fourth 
and  final  tank  in  May  1994.  Measured  characteristics  of  the 
permanent  magnet  quadrupoles  has  been  significantly  better 
than  anticipated.  Production  of  the  4  MW  klystrons  is 
complete,  and  fabrication  of  the  modulator  systems  is 
proceeding  on  schedule  [22]. 

Production  of  the  CCL  modulators  and  klystrons  is 
equally  well  advanced.  Detailed  design  of  the  resonant  coupled 
cavity  structures,  carried  out  with  major  assistance  from 
LANL,  is  now  complete,  and  a  close  partnership  with  the 
Institute  for  High  Energy  Physics,  Beijing,  is  being  forged  for 
the  construction  of  this  primary  system  [23,24],  The  CCL 
modules  will  be  the  longest  chains  of  side-coupled  resonators 
ever  operated.  This  has  prompted  more  detailed  studies  of 
beam-loading  and  other  transient  effects,  which  have  revealed 
several  interesting  phenomena  [25,26]. 

Detailed  design  of  the  transport  and  transfer  lines  is  also 
complete,  and  most  of  the  major  components  have  been 
ordered,  or  are  being  prototyped  [27],  In  addition,  considerable 
progress  has  been  made  on  the  design  of  the  LEB  injection 
girder. 


Commissioning  of  a  linac,  with  its  highly  serialized 
configuration,  extends  over  considerable  time,  and  benefits 
from  specialized  instrumentation  which  can  be  used  during 
commissioning,  but  which  would  not  fit  into  the  completed 
machine.  Considerable  progress  has  been  made  in  planning 
for  commissioning,  including  simulation  support,  and  in  the 
construction  of  special  commissioning  diagnostic  equipment 
[28-33].  Of  particular  interest  are  the  developments  in  the 
compact  bunch  shape  monitor,  being  conducted  in  *» 
collaboration  with  the  Institute  for  Nuclear  Research, 
Moscow. 

Progress  with  civil  construction  has  also  been  good. 
Construction  of  the  tunnel  is  complete,  and  SSCL  has  taken 
beneficial  occupancy.  Detailed  surveying  and  installation  of 
beam  absorbers  is  underway.  Handover  of  the  surface 
structures  will  take  place  in  June,  when  worl  n  HVAC  and 
installation  of  a  boom  crane  is  complete.  Electrical  power  is 
available  on  site,  and  installation  of  LCW  systems,  racks  and 
cable  trays  will  begin  in  June. 


VMS  1-1 6*3 
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Figure  1.  Injector  Test  Stand,  showing  ion  source  cart, 
RFQ  and  diagnostic  chamber. 

IV.  FUTURE  PLANS 

Present  plans  call  for  commissioning  of  all  parts  of  the 
Linac,  up  to  and  including  the  RFQ/DTL  matching  section, 
in  the  labs  of  the  Central  Facility  in  Waxahatchie  during 
August  and  September  1993.  Preparation  of  Linac  buildings 
at  the  Injector  Site  to  receive  accelerator  components  is 
expected  to  be  complete  by  October  1993.  Transfer  of 
operations  to  the  new  buildings  is  to  take  place  in  October 
and  November,  and  these  Injector  subsystem  are  to  be  made 
operational  during  December  and  the  first  half  of  January 
1994,  in  time  for  the  arrival  of  the  first  DTL  tank  in  the 
middle  of  that  month.  Rf  power  systems  will  begin  arriving, 
at  a  rate  of  about  one  per  month,  in  August  of  1993,  which 
should  allow  sufficient  time  for  commissioning  and  sub- 
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system  integration  prior  to  the  need  to  support  cavity 
conditioning.  Completion  of  DTL  commissioning  is 
anticipated  in  the  fourth  quarter  of  calendar  1993. 

The  first  CCL  module  is  expected  from  IHEP  in 
December  1993.  Modules  are  expected  to  arrive  at  an  average 
rate  of  approximately  one  every  six  weeks.  This  allows  a 
substantial  block  of  time  for  final  module  alignment,  tuning 
and  rf  conditioning  before  beam  will  be  available  for  beam 
commissioning.  Transport  and  transfer  line  installation  is  also 
expected  to  be  complete  by  the  end  of  calendar  1994. 
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Abstract 

The  RFQ-DTL  matching  section  has  four  variable  field 
quadrupole  magnets  in  a  FODO  lattice  to  match  the  2.5- 
MeV,  27-mA,  H*  beam  from  the  RFQ  to  the  acceptance  space 
of  the  DTL,  as  well  as  to  provide  beam  steering.  In  addition, 
there  are  two  rf  buncher  cavities  to  provide  longitudinal 
phase  space  tuning.  An  ensemble  of  beam  diagnostics 
including  input  and  output  beam  current  toroids  and  beam 
position  monitors,  a  wire  scanner  for  beam  profile 
measurements,  a  slit  and  collector  device  for  beam  emittance 
measurements,  and  a  Faraday  cup  is  used  to  quantify  the 
matching  section  performance.  The  finalized  design  of  the 
major  components  of  the  RFQ-DTL  matching  section  is 
presented  as  well  as  the  status  of  its  construction. 


I.  INTRODUCTION 

The  SSC  Linac  [1]  consists  of  an  ion  source  and  three 
different  accelerating  structures  including  a  radio  frequency 
quadrupole  (RFQ),  a  drift  tube  linac  (DTL),  and  a  coupled 
cavity  linac  (CCL).  In  principal,  the  first  DTL  tank  can  be 
connected  directly  to  the  RFQ.  However,  the  RFQ  and  the 
DTL  have  different  beam  acceptance  spaces,  and  the  resulting 
mismatch  would  lead  to  emittance  growth  in  the  beam.  Also, 
any  alignment  error  between  the  RFQ  and  the  DTL  could  not 
be  corrected,  which  again  would  lead  to  emittance  growth. 
Given  the  stringent  beam  brightness  requirements  [1]  for  the 
SSC  Linac,  it  was  felt  imperative  to  have  a  matching  section 
to  properly  condition  the  beam  from  the  RFQ  into  the  first 
DTL  tank. 

The  RFQ-DTL  matching  section  has  three  principal 
elements  (see  Figure  1)  with  which  to  accomplish  this  task: 
(1)  variable  field  permanent  magnet  quadrupole  (VFPMQ) 
magnets  for  transverse  focusing  and  beam  steering,  (2) 
double-gap  RF  buncher  cavities  for  longitudinal  phase  space 
tuning,  and  (3)  beam  diagnostics  to  monitor  the  properties  of 
the  beam.  The  main  design  challenge  is  to  fit  the  above 
elements  into  an  axial  distance  of  only  540  mm.  The  physics 
design  [2]  and  preliminary  mechanical  design  [3]  of  the 


•Operated  by  the  University  Research  Association,  Inc.  for  the 
U.S.  Department  of  Energy  under  contract  No.  DE-AC35- 
89ER40486. 


matching  section  have  been  presented  in  previous  papers.  Its 
design  has  now  been  finalized,  and  this  paper  will 
concentrate  on  the  major  components  of  that  design  as  well  as 
give  an  update  on  its  construction. 

Diagnostic  Chamber  #1 


Figure  1.  Side  view  of  the  RFQ-DTL  matching  section. 

n.  VARIABLE  FIELD  PERMANENT  MAGNET 
QUADRUPOLES 

The  matching  section  has  four  VFPMQs  in  a  FODO 
lattice  with  the  first  quad  oriented  to  be  horizontally  focusing 
for  the  nominal  2.5-MeV,  27-mA,  H*  beam  exiting  the  RFQ. 
The  main  design  features  for  these  quads  are  shown  in  Figure 
2.  This  concept  was  originally  proposed  by  Halbach  [4]  and 
uses  four  mild  steel  pole  pieces  to  shape  the  field,  while  its 
strength  is  varied  by  a  90°  rotation  of  an  outer  ring  of 
magnets.  For  the  matching  section  VFPMQs,  NeFeB  magnet 
material  is  used  while  the  hyperbolic  pole  tips  are  constructed 
using  C-1006  carbon  steel.  Rotation  of  the  outer  ring  is 
accomplished  using  a  stepper  motor  driven  worm  gear,  while 
a  precision  linear  translation  stage  is  used  to  move  the 
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VFPMQ  by  ±  2  mm  in  the  focusing  direction  to  obtain  beam 
steering. 

A  prototype  VFPMQ  based  upon  the  design  in  Fig.  2  has 
been  built,  although  without  the  linear  translation  stages  or 
any  offset  capability.  A  rotating  coil  [5]  was  used  to  measure 
the  gradient-length  (GL)  product  and  harmonic  content  of  the 
quad.  The  measured  GL  product  shows  excellent  agreement 
with  theory  (see  Figure  3).  The  measured  harmonic  content 
at  maximum  field  strength  was  found  to  be  less  than  0.5%  of 
the  quadmpole  field  component  at  80%  of  the  aperture  for 
each  of  the  harmonics  (up  to  n=6),  which  also  agrees  well 
with  theory. 


Rotatable  Outer  Ring 


Figure  2.  Design  of  the  prototype  VFPMQ. 
in.  RF  BUNCHER  CAVITIES 

A  cut-away  view  of  one  of  the  double-gap  buncher 
cavities  is  presented  in  Figure  4.  It  is  a  quarter-wave  rec¬ 
tangular  copper  cavity  having  a  cylindrically  shaped  center 
conductor  that  supports  a  16  mm  I.D.  drift  tube  through 
which  the  beam  passes.  Each  gap  in  the  cavity  develops  a 
voltage  of  100  kV  with  a  RF  power  input  of  25  kW  at  the  428 
MHz  resonant  frequency.  The  cavity  Q  *  5000,  and  its  shunt 
impedance  is  800  kQ.  A  plug  tuner  provides  coarse 
frequency  adjustment  over  a  200  kHz  range,  while  fine  tuning 
of  the  cavity  resonant  frequency  is  obtained  by  temperature 
stabilizing  the  cavity  walls  and  center  conductor  with  low 
conductivity  water  from  the  RFQ  temperature  control  unit 
(TCU). 

Each  cavity  is  powered  by  a  50  kW  planar  triode 
amplifier  [6],  This  power  is  transmitted  down  standard  l-5^- 


inch  rigid  coax  line  and  is  coupled  into  the  cavity  through  a 
tapered  section  which  consists  of  a  transition  from  1^-inch 
to  7/8-inch  coax  line,  an  axial  ceramic  vacuum  window,  and 
a  coupling  loop  inserted  into  the  cavity.  Specific  details  of 
the  design  of  this  tapered  section  are  given  in  another  paper 
[71- 


Figure  3.  Comparison  of  measured  GL  product  with 
computer  results  for  prototype  VFPMQ. 

IV.  BEAM  DIAGNOSTICS 

The  performance  of  the  RFQ-DTL  matching  section  is 
quantified  by  an  array  of  beam  diagnostics  (see  Figure  1). 
This  array  consists  of  three  beam  position  monitors  (BPMs) 
for  measuring  the  transverse  displacement  of  the  beam  and  its 
relative  phase  with  respect  to  the  buncher  cavities,  input  and 
output  current  toroids  to  measure  the  total  beam  current,  a  3- 
wire  wire  scanner  to  measure  the  x,  y,  and  coupled  x-y  beam 
profiles,  a  segmented  Faraday  cup  to  measure  beam  position 
and  current  as  well  as  to  serve  as  a  beam  stop,  and  a  separate 
x  and  y  slit  and  collector  to  measure  the  transverse  emittance 
of  the  beam.  All  of  these  diagnostics  except  the  BPMs  are 
actuated  into  place  via  actuators  having  better  than  0.1  mm 
resolution.  In  addition,  the  slits  and  the  Faraday  cup  are 
water  cooled  since  they  must  withstand  nearly  the  full  power 
density  of  the  10  Hz  beam. 

Further  details  on  these  diagnostics  can  be  found  in 
Reference  8.  The  128-wire  collector  array  and  its  associated 
electronics  [9]  are  in  particular  a  unique  design  offering 
substantially  improved  resolution  and  enhanced  data 
acquisition  capabilities  over  past  designs.  Finally,  two 
diagnostic  ports  in  the  matching  section  have  been  provided 
to  accommodate  a  bunch  shape  monitor  [10]  now  under 
development. 
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V.  STATUS 


Figure  4.  RF  buncher  cavity  for  RFQ-DTL  matching  section. 


Parts  for  the  SSC  RFQ-DTL  matching  section  are 
scheduled  to  begin  arriving  in  early  June  of  this  year.  Bench 
testing  of  the  device  should  commence  in  July,  while  beam 
commissioning  is  scheduled  to  begin  at  the  SSC  Central 
Facility  in  August.  This  fall,  the  ion  source,  RFQ,  and  RFQ- 
DTL  matching  section  will  be  moved  to  the  SSC  Linac  tunnel 
for  installation  and  operation  prior  to  delivery  of  the  First 
DTL  tank  in  early  1994. 
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Abstract 

As  each  accelerator  of  the  SSCL  is  prepared  for  operation, 
it  must  have  an  Accelerator  Readiness  Review  (ARR)  in  order 
to  begin  high  power  RF  or  beam  operation.  This  review 
validates  the  Safety  Analysis  Report  (SAR)  and  demonstrates 
to  an  independent  review  panel  that  1)  the  systems  and 
equipment  are  in  place  and  have  been  fully  tested  with 
satisfactory  results;  2)  systems  and  equipment  are  covered  as 
necessary  by  written  procedures  that  have  been  reviewed  and 
approved;  3)  those  who  carry  out  the  activity  are  fully  trained 
and  qualified.  The  panel  will  then  request  that  the  SSCL 
Director  give  permission  for  operation.  The  Department  of 
Energy  must  concur  for  operation  to  commence.  The  SSC 
Linac,  a  series  of  four  accelerators,  will  be  tested  and 
commissioned  in  the  Linac  Tunnel  in  series  starting  in  the  fall 
of  1992  and  ending  in  the  spring  of  1995.  The  Accelerator 
Readiness  Review  process  will  be  described  as  it  relates  to  the 
SSC  Linac  in  order  to  support  the  staged  commissioning. 

I.  INTRODUCTION 

The  SSC  is  a  series  of  accelerators:  Linac,  Low  Energy 
Booster,  Medium  Energy  Booster,  High  Energy  Boosters,  and 
the  Collider.  An  Accelerator  Readiness  Review  must  be  held 
when  each  of  these  accelerators  is  fully  prepared  for 
commissioning  or  routine  operation.  This  revie  w  validates 
the  SAR  and  demonstrates  to  an  independent  review  panel  that 
each  subsystem  of  the  accelerator  is  in  place  and  has  been  fully 
tested,  the  operating  and  maintenance  procedures  have  been 
reviewed  and  approved,  and  that  those  who  perform  the 
operation  and  maintenance  are  fully  trained  and  qualified. 

The  SSC  Linac  consists  of  a  Linear  Accelerator  [1]  and  a 
Transfer  Line  that  routes  the  beam  to  the  Low  Energy  Booster. 
The  Transfer  Line  also  contains  the  main  beam  absorbers,  that 
are  needed  for  tuning  of  the  Linear  Accelerator  and  operation 
independent  of  the  LEB.  The  Linear  Accelerator  is  itself  a 
cascade  erf  four  accelerators: 

1)  Ion  Source  (35  keV) 

2)  Radio  Frequency  Quadrupole  (2.5  MeV) 

3)  Drift-Tube  Linac  (70  MeV) 

4)  Coupled  Cavity  Linac  (600  MeV) 

Plans  for  commissioning  the  Linac  [2]  have  the  Linac 
installed,  tested,  and  beam  commissioned  in  series.  Prior  to 
availability  of  the  Linac  Tunnel,  the  Ion  Source  through  DTL 
Input  Matching  Section  are  planned  to  be  tested  and 
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commissioned  in  the  Linac  laboratory  prior  to  installation  and 
re-commissioning  in  the  tunnel.  Each  of  the  four  tanks  of  the 
Drift-Tube  Linac  will  be  installed  and  commissioned  in 
sequence  in  the  tunnel.  This  will  be  followed  by  the  first 
module  of  the  Coupled  Cavity  Linac  and  then  the  remainder  of 
the  Linac.  The  ARR  process  for  the  Linac  is  staged  to 
support  this  commissioning  and  at  the  same  time  tailored  to 
minimize  the  number  of  reviews,  while  demonstrating 
performance  and  verifying  safety. 

II.  ACCELERATOR  READINESS  REVIEW 

An  ARR  has  four  requirements: 

1)  validate  the  Safety  Analysis  Report 

2)  verify  the  subsystems  are  in  place  and  fully  tested 

3)  determine  that  the  procedures  are  reviewed  and 

approved 

4)  check  that  the  personnel  are  fully  trained  and 

qualified. 

To  give  accountability  to  the  ARR  process,  a  checklist 
was  created.  This  checklist  is  a  catalogue  of  the  proof  used  to 
satisfy  the  four  requirements  of  an  ARR.  It  also  includes 
spaces  for  signatures  (of  each  item)  from  the  Cognizant 
Engineer.  Machine  Leader,  and  the  Readiness  Review 
Committee.  This  checklist  along  with  a  letter  from  the 
Readiness  Review  Committee  is  sent  through  the  lab 
management  to  the  DOE  compliance  office  with  a  request  for  a 
"Permit  to  Operate”. 

A.  Safety  Analysis  Report 

During  the  design  process,  hazard  analyses  are  conducted 
to  identify  all  potential  safety  hazards  to  equipment  and 
personnel  and  to  describe  the  manner  in  which  the  potential 
hazards  and  risks  will  be  minimized.  These  are  reviewed  for 
adequacy  during  the  design  review  process  of  the  Linac.  The 
SAR  documents  the  identified  potential  hazards  and  presents 
the  methods  used  to  mitigate  these  hazards  to  the  degree 
necessary  to  operate  and  maintain  the  Linac  in  a  safe  manner. 
Mitigation  can  be  accomplished  through  adequate  design 
safeguards,  design  safety  features,  development  of  operational 
safety  procedures,  planned  training,  and  administrative 
controls.  The  SAR  is  reviewed  and  approved  by  the  SSCL 
and  DOE.  All  mitigation  stated  in  the  SAR  must  be  validated 
as  being  in  place  prior  to  being  given  permission  to  begin 
commissioning  the  appropriate  section  of  the  Linac. 

B.  Subsystem  Performance 

A  system  engineering  process  has  been  incorporated  into 
the  SSCL  that  provides  an  orderly  process  for  the 
documentation  of  the  requirements  in  specifications, 
monitoring  of  the  designs  through  reviews,  and  bringing  the 
technical  equipment  into  operation  according  to  accepted  test 
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plans  and  procedures.  For  the  Linac  [3]  this  has  led  to  set  of 
specifications,  where  the  performance  requirements  for  the 
various  accelerators  of  the  Linac  and  their  subsystems  have 
been  specified.  Through  a  series  of  design  reviews  presented 
by  the  SSCL  engineering  departments  or  outside  vendors,  the 
Linac  Group  monitors  the  development  of  the  designs  for  the 
technical  equipment  Acceptance  test  plans  and  procedures  are 
written  by  the  SSCL  engineering  departments  or  outside 
vendors  and  are  reviewed  by  the  Linac  Group  to  ensure  their 
adequacy  for  verification  of  the  performance  requirements  of 
subsystems  as  stated  in  the  specifications.  The  Linac  Group 
verifies  tnat  the  technical  components  and  subsystems  are  then 
installed  and  tested  according  to  the  appropriate  plans  and 
procedures  with  satisfactory  results. 

The  ARR  committee  verifies  that  the  required  testing  has 
been  performed  with  the  resulting  positive  statement  that 
appropriate  subsystems  are  functioning  properly  and  are  ready 
to  proceed  to  the  next  phase,  such  as  beam  operation.  A  walk¬ 
through  of  the  area  and  equipment  will  be  conducted  by  the 
committee  as  a  final  check  to  verify  the  configuration  of  the 
facility. 

C.  Procedures 

The  ARR  committee  verifies  that  the  appropriate 
procedures  are  reviewed  and  approved.  Each  subsystem  must 
have  approved  operation  and  maintenance  procedures,  normally 
written  by  the  engineering  departments. 

RF  conditioning  and  initial  beam  operation  of  a  particular 
section  of  the  Linear  Accelerator  are  continuations  of  the 
acceptance  testing.  These  are  performed  according  to  the 
approved  acceptance  test  plans  and  procedures,  normally 
written  by  the  Linac  Group,  for  those  phases  of  operation. 
These  are  prepared  before  the  ARR  for  anticipated  testing  and 
operation.  In  order  to  ensure  proper  review  and  control  of 
either  changes  to  these  plans  or  future  testing,  measurements, 
and  operation,  a  Machine  Studies  Management  Plan  for  the 
Linear  Accelerator  [4]  was  developed.  This  document 
stipulates  the  process  to  control  and  review  the  machine 
studies,  which  retains  the  maximum  amount  of  flexibility  in 
order  to  plan  and  conduct  them,  while  at  the  same  time 
ensuring  safety  and  quality. 

D.  Personnel 

The  personnel  that  will  operate  or  maintain  the  equipment 
must  be  properly  trained  and  qualified.  Lists  of  trained 
personnel  are  provided  at  the  ARR,  as  well  as  the  required 
training  and  procedures  needed  to  qualify  future  personnel. 

HI.  LINAC  ARR  SEQUENCE 

Commissioning  of  the  Linac  is  staged  so  that  each 
section  of  the  Linac  can  be  tested  and  characterized  by  a  set  of 
commissioning  diagnostics  located  after  it,  prior  to 
installation  of  the  following  section.  This  sequence  is: 

In  the  Linac  Laboratory 
Ion  Source/Low  Energy  Beam  Transport 
RFQ 

DTL  Input  Matching  Section 

In  the  Linac  Tunnel 


Ion  Source  -  DTL  Input  Matching  Section 
DTL  Tank  #1 
DTL  Tank  #2 
DTL  Tank  #3 

DTL  Tank  #4  —  CCL  Input  Matching  Section 
CCL  Module  #1 

CCL  Modules  #2  -  #9  --  Transfer  Line 
During  the  installation  and  commissioning  of  the  Ion  Source 
through  the  first  CCL  module,  CCL  Modules  #3  -  #9  and  the 
Transfer  Line  are  installed,  the  various  subsystems  are  tested, 
and  the  cavities  are  RF  conditioned. 

In  order  to  support  this  staged  commissioning,  the  ARR 
for  the  Linac  has  been  divided  into  the  following  sequence: 

In  the  Linac  Laboratory 
RFQ  RF  Conditioning 
Ion  Source  ~  RFQ  Beam  Commissioning 
DTL  Input  Matching  Section  Commissioning 

In  the  Linac  Tunnel 

Ion  Source  --  DTL  Input  Matching  Section  Re¬ 
commissioning 
CCL  #3-#9  RF  Conditioning 
DTL  Tank  #1  Commissioning 
DTL  Tank  #2  Commissioning 
DTL  Tank  #3  Commissioning 
DTL  Tank  #4  -  CCL  Input  Matching  Section 
Commissioning 

CCL  Module  #1  Commissioning 

CCL  Modules  #2-#9  -  Transfer  Line  Commissioning 

Because  of  the  availability  of  hardware,  the  RFQ  ARR 
occurred  in  two  phases.  For  the  DTL  Input  Matching  Section 
through  CCL  Module  #1,  there  will  be  a  single  ARR  for  each, 
reviewing  both  high  power  RF  conditioning  and  beam 
commissioning.  To  support  the  early  high  power  RF 
conditioning  of  the  CCL  Modules  #3  -  #9,  a  separate  ARR 
will  be  held  to  review  the  readiness  of  the  subset  of  hardware 
needed  for  that  activity. 

To  support  the  commissioning  in  the  Linac  laboratory,  a 
SAR  [5]  was  written  for  commissioning  of  the  RFQ.  It  has 
been  approved  by  the  Department  of  Energy.  An  addendum  to 
this  SAR  was  issued  covering  the  DTL  Input  Matching 
Section.  For  the  commissioning  in  the  Linac  tunnel,  a 
Preliminary  Safety  Analysis  Report  will  be  written  that 
includes  the  Ion  Source  through  CCL.  The  final  SAR  that 
also  includes  the  Transfer  Line  is  scheduled  for  completion  in 
the  fall  of  1994. 

The  two  ARR's  for  the  RFQ  have  been  held.  SSCL 
management  gave  permission  for  each  stage  of  operation  and 
the  Department  of  Energy  approved.  The  RFQ  is  currently 
undergoing  beam  commissioning  [6].  Preparations  are 
beginning  for  the  ARR  on  the  DTL  Input  Matching  Section, 
which  is  planned  for  this  summer.  The  ARR  for  operation  of 
the  Ion  Source  through  DTL  Input  Matching  Section  in  the 
tunnel  is  planned  for  the  fall  of  this  year.  Prior  to  the  end  of 
this  year,  approval  to  perform  high  power  RF  conditioning  of 
the  first  CCL  modules  will  be  requested.  Commissioning  of 
the  first  DTL  cavity  will  be  requested  early  next  year. 
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Permission  to  operate  the  entire  Linear  Accelerator  into  the 
main  beam  absorbers  will  be  sought  by  the  spring  of  1995. 

IV.  CONCLUSION 

A  sequence  of  Accelerator  Readiness  Reviews  has  been 
established  to  support  the  staged  commissioning  of  the  Linac 
at  the  SSCL.  An  independent  committee  will  validate  the 
Safety  Analysis  Report  and  establish  to  its  satisfaction  that 
the  accelerator,  or  that  portion  of  it,  is  ready  to  operate.  The 
committee  will  also  verify  that  it  will  be  operated  and 
maintained  safely,  that  the  personnel  are  qualified  to  operate 
and  maintain  the  accelerator,  and  that  the  controls  and 
procedures  are  in  place  to  ensure  continued  safe  operation  and 
training  of  future  personnel. 
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Abstract 

Grumman  Aerospace  Corporation,  Argonne  National 
Laboratory,  and  Culham  Laboratory  are  commissioning  the 
Continuous  Wave  Deuterium  Demonstrator  (CWDD)  in  a  fa¬ 
cility  at  Argonne  National  Laboratory.  CWDD  is  a  high¬ 
brightness,  high-current,  7.5-MeV  negative  deuterium  accelera- 
tor.  The  352-MHz  rf  accelerating  cavities  are  cryogenically 
cooled  with  supercritical  neon  to  reduce  the  rf  power  require¬ 
ments.  Installation  of  the  accelerator  into  the  Argonne  facility 
began  in  May  1991,  and  first  beam  from  the  injector  was  ex¬ 
tracted  in  February  1992.  The  accelerator  and  facility  are  de¬ 
scribed,  and  current  status  and  future  plans  are  discussed. 

I.  INTRODUCTION 

Cryogenically  cooled,  high-brightness,  negative  deuterium 
accelerators  have  been  proposed  as  part  of  a  future  defense  sys¬ 
tem,  either  space-based  or  launched-on-demand,  which  could 
discriminate  or  destroy  incoming  ballistic  targets.  The 
Continuous  Wave  Deuterium  Demonstrator  (CWDD)  has  been 
developed  to  investigate  some  of  the  beam  physics  and  acceler¬ 
ator  engineering  technologies  required  of  such  a  system.  The 
accelerator  consists  principally  of  a  volume  negative  deuterium 
source  designed  to  inject  92  mA  at  200  keV  into  a  4-meter 
radiofrequency  quadrupole  (RFQ),  a  single-cavity  intermediate 
matching  section  (MS),  and  a  2.6-meter  ramped-gradient  drift- 
tube  linac  (RGDTL).  The  injector  and  rf  cavities  are  designed 
to  operate  cw  or  pulsed  with  an  output  current  of  up  to  80  mA 
at  15  MeV  (figure  1). 

H.  ACCELERATOR  SUBSYSTEMS 

The  CWDD  injector  was  designed  and  fabricated  at 
Culham  laboratory.  A  permanent-magnet  suppressor  and 
electrostatic  collector  at  the  source  aperture  limits  the  electron 
current  Additional  reduction  is  obtained  through  the  use  of  a 
pair  of  dipole  magnets  with  rotating  fields,  incorporated  into 
the  mode  accelerator,  which  sweep  the  electrons  out  of  the 
beam  before  they  reach  the  full  200  keV.  Downstream, 
another  pair  of  dipoles  in  the  LEBT  correct  the  steering 
introduced  by  the  electron  removal.  The  beam  is  focused  to 
the  RFQ  match  point  by  a  solenoid  lens.  Beam  centroid 
position  and  angle  are  monitored  by  a  beam  emission 
diagnostic  (BED)  that  views  hydrogen  B aimer  alpha  radiation 
produced  by  the  beam  interaction  with  residual  deuterium  gas. 
Injector  emittances  are  measured  with  an  Allison  scanner 
mounted  in  a  removable  diagnostic  tank  located  between  the 
injector  and  the  RFQ. 

The  injector  was  assembled  and  operated  prior  to  shipping 
and  re-assembly  at  the  Argonne  site.  After  a  suite  of  tests  was 
*  This  work  was  performed  under  contract  to  the  U.S.  Army  Space 
and  Strategic  Defense  Command,  no.  DASG60-88-C-0060  and 
under  the  auspices  of  the  Department  of  Energy  and  funded  by  die 
U.S.  Army  Space  and  Strategic  Defense  Command. 


conducted  to  verify  the  installation,  an  engineering  upgrade 
was  initiated  to  eliminate  power  supply  problems  caused  by 
breakdown  induced  transients  at  200  kV[l].  The  upgrade  was 
completed  in  October  1992  and  reliable,  stable  performance  at 
200  kV  has  now  been  demonstrated.  To  date,  the  maximum 
ion  current  from  the  source  has  been  20  mA.  It  has  been 
shown  that  the  introduction  of  cesium  into  the  plasma 
discharge  of  a  source  can  increase  the  current  by  a  factor  of  two 
or  more[2].  It  is  planned  to  modify  the  CWDD  source  to 
enable  cesium  experiments  in  late  1993. 

The  RFQ  accelerates  the  D*  beam  from  200  keV  to  2.0 
MeV.  The  mechanical  design  and  fabrication  approach  is  an 
extension  of  the  techniques  used  for  the  Beam  Experiment 
Aboard  a  Rocket  (BEAR)  RFQ  built  by  Grumman  for  Los 
Alamos  National  Laboratory  in  1988[3].  The  CWDD  RFQ  is 
made  from  four  one  meter  long  segments;  each  machined  from 
solid  tellurium  copper  and  electroformed  into  a  four-vane 
assembly.  The  segments  are  bolted  together  to  form  the  3.96 
meter  (4.63X  at  3S2.2  MHz)  structure.  Unlike  BEAR,  which 
is  un-cooled,  the  CWDD  RFQ  has  extensive  internal  cooling 
passages  to  allow  for  removal  of  161  kW  (at  QEF=4)  of 
dissipated  power  during  CW  operation.  The  cavity  structure 
has  48  parallel  cooling  passages  to  minimize  thermal  detuning 
effects.  In  addition,  all  ancillary  components  are  actively 
cooled;  including  tuners,  RF  power  couplers  and  end  walls. 

The  CWDD  RFQ  has  76  fixed  slug  tuners  distributed 
axially  along  the  quadrants.  The  tuning  process  uses 
techniques  and  code  developed  at  LANL.  Automated  beadpulls 
are  run  on  the  RFQ  to  determine  the  field  profiles  in  die  four 
quadrants.  Data  produced  by  the  QUADPULL/QUADFL0T[4] 
software  is  then  input  to  RFQTUNE[5],  which  uses 
perturbation  theory  to  determine  tuner  movements  necessary  to 
correct  the  measured  field  profiles.  Using  this  technique,  the 
76  tuner  settings  were  determined  in  5  iterations  with  a  field 
quality  of  better  than  ±0.5%  for  the  quadrupole  and  dipole 
components.  Some  retuning  was  required  due  to  repairs  made 
on  the  RF  end  walls.  This  tuning  was  done  with  die  RFQ  in 
the  vacuum  vessel  with  restricted  access,  therefore,  only  a 
limited  number  of  tuners  (10)  were  adjusted.  The  final  field 
quality  is  ±1%  quadrupole,  0  to  -1%  dipole  1  (1-3),  and  0  to 
-1.5%  dipole  2  (2-4).  This  is  well  within  the  specification 
value  for  field  quality  of  ±5%. 

In  December  1992,  the  completed  RFQ  was  installed  into 
its  cryostat  All  instrumentation  has  been  installed,  cooling 
lines  have  been  proof  pressure  tested,  and  drive  loops  and  field 
pickups  have  been  coupled.  In  July  1993,  the  rf  drive  lines 
will  be  installed  and  final  alignment  will  be  performed. 

The  room-temperature  quality  (Q)  of  the  completed  cavity, 
7795,  was  better  than  the  design  goal  of  6582  (70%  of  the 
SUPERFISH  predicted  value  of  9403).  This  results  in  a  drop 
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in  the  total  dissipation  power  in  the  RFQ  from  161  kW  to  136 
kW  during  operation  at  cryogenic  temperature. 

The  MS  cavity  has  a  5-mm  aperture,  is  16  mm  long,  and 
is  attached  to  the  high-energy  faceplate  of  the  RFQ.  Four 
samarium  cobalt  permanent  magnet  quadrupoles  (PMQ) 
provide  beam  focusing.  The  axis  of  two  of  the  PMQ's  can  be 
offset  by  stepping  motors  to  provide  beam  steering.  A  4- 
button  capacitive  pickup  provides  beam  position,  intensity, 
and  phase  spread  information.  Tuning  of  the  cavity  will  be 
performed  remotely  at  cryogenic  temperature  using  a  sliding- 
short  tuner  (SST). 

The  MS  cavity  has  been  fabricated,  tested  with  low-level 
if  power,  and  will  soon  be  installed  on  the  RFQ.  The  SST 
has  been  designed  but  fabrication  has  not  yet  begun. 

The  2.64  m  long  by  0.S12  m  diameter  RGDTL  is 
fabricated  from  a  single  extrusion  of  annealed  OFHC  copper. 
It  is  attached  to  the  high  energy  faceplate  of  the  MS  and 
accelerates  the  2.0  MeV  D*  beam  to  7.54  MeV.  The 
accelerating  field  gradient  is  linearly  ramped  from  2.0  MV An  at 
the  low  energy  end  to  4.0  MV/m  at  the  high  energy  end  by 
detuning  the  end  cells.  Each  of  the  46  drift  tubes  contains  a 
PMQ  in  a  FOFODODO  lattice. 

The  RGDTL  cavity  has  been  fabricated,  cooling  channels 
have  been  machined,  and  all  of  the  drift  tubes  have  been 
assembled.  Procurement  of  the  remaining  components, 
including  the  post  couplers,  pickup  loops,  tuners,  and  cryostat 
is  planned  to  begin  in  October  1993.  Delivery  to  the  Argonne 
site  is  scheduled  for  October  1994  and  installation  will  be 
completed  by  December . 

The  352.2  MHz  RF  System  (cw  or  pulsed)  was  designed 
and  manufactured  by  the  GE  Marconi  Communications 
Systems  Ltd.(GE-MCSL).  It  consists  of  two  1 -megawatt 
amplifier  subsystems  with  Valvo  YK-1350  klystron  output 
tubes,  and  one  25-kilowatt  amplifier  which  uses  a  Thompson 
TH-571B  tetrode.  The  1-MW  systems  power  the  RFQ  and 
RGDTL,  and  the  25-kw  amplifier  drives  the  MS.  All  stations 
have  identical  100-kHz  bandwidth  analog  phase  and  amplitude 
(APC/ALC)  control  loops  with  an  accuracy  of  ±1°  in  phase 
and  ±1%  in  amplitude.  The  tubes  are  driven  by  a  master 
oscillator  and  solid  state  driver  amplifiers.  A  mod-anode 
control  system  insures  that  the  klystron  collector  dissipation 
never  exceeds  the  YK-1350  maximum  allowable  limit  of 
900  kW. 

Universal  Voltronics  Corporation  (UVC)  was 
subcontracted  by  GE-MCSL  to  design  and  manufacture  the 
high  voltage  power  supply  equipment  for  the  1-MW  systems. 
The  power  supplies  can  deliver  up  to  100  kV  DC  at  20 
amperes.  A  crowbar,  consisting  of  four  ignitions,  reduces  the 
power  supply  voltage  to  near  zero  in  £10  ps  to  protect  the 
klystrons  in  the  event  of  a  fault  Energy  into  a  load  fault  is 
limited  to  approximately  40  joules. 

Rf  power  is  distributed  to  the  RFQ  and  RGDTL  through 
WR-2300  waveguide  and  to  the  MS  by  6-1/8  inch  coaxial  line; 
A.N.T.  Bosch  Telecom  Co.  circulators  are  used  to  prevent 
reflected  power  from  damaging  the  output  tubes.  An 
absorptive  harmonic  filter  is  placed  between  each  klystron  and 
circulator.  The  transmission  lines  for  each  of  the  1-MW 
stations  are  terminated  with  "magic  tee"  power  dividers  for 
connection  to  the  drive  loops  of  the  RFQ  and  RGDTL 
cavities. 

All  rf  conditioning  of  the  CWDD  cavities  will  be 
performed  at  26K.  The  CWDD  cavities  experience  an  upward 


shift  in  resonant  frequency  of  1.1  MHz  when  cooled  from 
room  temperature  to  26K,  but  the  YK-1350  klystron  has  a 
1-dB  bandwidth  of  1  MHz;  implying  that  if  the  cavities  were 
operated  at  352.2  MHz  at  cryo  temperature,  then  the  klystron 
output  would  be  about  3  dB  down  (from  the  peak  output)  at 
351.1  MHz.  Since  the  cavities  must  be  conditioned  to  a 
power  level  of  1.4  times  their  anticipated  dissipation,  the 
cavities  can  only  be  conditioned  at  cryo  temperature — unless 
the  cavities  are  retuned.  Experience  at  Grumman  has  shown 
that  copper  cavities  can  be  conditioned  for  cw  at  cryogenic 
temperatures  alone. 

The  rf  systems  have  been  installed  in  the  facility  and 
commissioning  is  underway.  The  25-kW  amplifier  has  been 
tested  to  28  kW  into  an  absorptive  load  and  low  power 
(100  W)  phase  and  amplitude  loop  tests  are  scheduled  for 
April,  1993.  The  HV  systems  for  the  1-MW  amplifiers  were 
successfully  tested  into  a  resistive  load  at  446  kW  and  91  kV. 
Testing  of  the  1-MW  systems  into  absoptive  loads  will  begin 
in  May,  1993,  but  final  testing  of  the  rf  systems  into  the 
cavities  must  await  the  completion  of  the  cryogenic  system, 
now  scheduled  for  early  1994. 

The  HEBT  is  designed  to  allow  configuration  for 
operation  with  the  RFQ  and  MS  alone  or  with  the  RFQ,  MS, 
and  RGDTL.  This  permits  testing  of  the  RFQ  and  MS,  as 
well  as  commissioning  of  the  diagnostics,  to  proceed  in 
parallel  with  the  final  assembly  of  the  RGDTL.  The  HEBT 
contains  a  quadrupole  (to  expand  the  beam  and  thus  reduce  the 
power  density  at  the  beam  stop),  conical  beamlines, 
instrumented  graphite  beam  scrapers,  a  transverse  emittance 
measurement  system,  and  a  set  of  three  4-button  capacitive 
pickups  that  can  measure  the  beam  energy  by  a  time-of-flight 
method. 

The  power  density  of  the  beam  at  the  RGDTL  output  can 
be  as  high  as  250,000  W/cm2.  This  is  reduced  by  a  factor  of 
1000  by  the  beam  expanding  quadrupole  and  by  the  use  of  a  V- 
shaped  graphite  beam  stop.  The  beam  stop  is  designed  to 
dissipate  750  kW  of  heat  for  a  20  s  pulse  every  90  minutes. 

The  HEBT  and  beam  stop  have  been  installed  into  the 
CWDD  vault  Final  assembly  of  the  instrumentation  and 
diagnostics  will  be  completed  by  July  1993. 

Although  die  preferred  cryogen  would  be  liquid  hydrogen, 
supercritical  neon  was  chosen  as  a  safer  surrogate  with  scalable 
thermal  properties.  At  frill  rf  power,  78  kg/sec  of  26K  neon  at 
30  atmospheres  absolute  will  be  required  to  cool  all  three  cavi¬ 
ties.  The  major  components  of  this  system  are  a  4.7  kW  he¬ 
lium  refrigeration  system,  a  supercritical  pressure  neon  circula¬ 
tion  loop,  and  a  secondary  gaseous/liquid  neon  loop. 
Although  the  entire  accelerator  system  was  designed  to  operate 
cw,  a  cryogenic  system  with  sufficient  capacity  for  continuous 
operation  would  have  been  too  costly.  Consequently,  the  ac¬ 
celerator  test  plan  was  structured  to  allow  all  of  the  required  cw 
tests  to  be  conducted  in  a  series  of  40  second  or  less  "shots". 
The  cryogenic  system  provides  peak  output  during  these  shots 
followed  by  a  variable  length  recovery  period,  depending  on  the 
thermal  load.  Those  tests  that  do  not  require  cw  operation  can 
be  performed  using  a  pulsed  beam,  lowering  the  refrigeration 
requirement  The  recovery  period  is  a  maximum  of  90  min¬ 
utes  for  a  shot  of  40  seconds  at  full  power  loading.  Pulsed  op¬ 
erations  can  be  conducted  indefinitely,  as  long  as  the  rf  duty 
cycle  does  not  exceed  0.75%. 

The  cryogenic  system  was  designed  by  Cryogenic 
Consultants,  Inc.  and  manufactured  by  Meyer  Cryo  Tech.  All 
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of  the  components  have  been  fabricated  and  the  system  is  cur¬ 
rently  being  installed.  Procurement  of  the  150,000  standard 
cubic  feet  of  neon  required  for  operation  will  begin  early  in 
October  1993  and  commissioning  of  the  system  will  start  in 
early  1994. 

m.  SUMMARY 

The  CWDD  is  a  unique  machine  that  will  test  the  tech¬ 
nology  of  cw,  high  brightness,  cryogenically-cooled,  D*  accel¬ 
eration.  All  of  the  major  components  have  been  designed  and 
fabricated;  most  have  been  assembled  into  the  facility  and 
beam  has  been  available  from  the  injector  for  more  than  a  year. 
Operations  of  the  RFQ  will  begin  in  early  1994  when  the 
cryogenic  system  is  completed.  Installation  of  the  RGDTL 


will  begin  in  late  1994  and  operation  of  the  lull-energy  accel¬ 
erator  will  commence  in  early  1995. 
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Figure  1.  The  CWDD  accelerator  showing  the  injector  in  the  foreground,  the  RFQ  in  its  cryostat  with  the  lid  removed,  the 
HEBT,  and  the  Beam  Stop  in  the  upper  right  comer.  Vacuum  insulated  cryo  lines  will  be  connected  to  the  large  ports  on  the 
side  of  the  RFQ. 
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I.  INTRODUCTION  II.  ACCELERATING  STRUCTURE  STUDIES 

Advances  in  superconducting  radiofrequency  Recently,  at  Argonne,  a  new  niobium  accelerating 
technology  during  the  past  15  years  have  made  possible  the  structure,  called  the  spoke  resonator1  has  been  built  and 
large-scale  application  of  superconducting  niobium  tested  at  high  fields.  This  structure  is  suitable  for 
accelerators.  So  far  this  development  has  been  restricted  to  acceleration  of  high-current  beams  at  the  intermediate 
rather  low-current  electron  and  heavy-ion  accelerators.  In  velocities  of  interest.  This  structure  is  also  equivalent  to  the 
addition  to  the  power  savings,  the  improved  capability  of  slotted  iris  structure  that  was  built  many  years  ago  for 
superconducting  cavities  to  provide  acceleration  of  high  superconducting  applications  at  Karlsruhe^.  The  cavity  that 
currents  with  low  beam  losses,  which  follows  from  the  was  tested  resonated  at  855  MHz,  and  was  optimized  for  a 
ability  to  use  larger  beam  apertures  without  a  large  economic  particle  velocity  of  0.30  c.  RF-tests  were  performed  on  the 
penalty  from  increased  rf  losses,  could  make  super-  cavity  and  a  high  accelerating  gradient  of  7.2  MV/m,  limited 
conducting  proton  linacs  very  attractive  for  high-intensity  by  magnetic  quench,  was  obtained  at  a  4.2  K  operating 
applications,  where  activation  of  the  accelerator  is  a  major  temperature.  A  peak  surface  electric  field  of  24  MV/m  and 
concern.  During  the  past  year,  at  Los  Alamos,  we  have  been  a  peak  surface  magnetic  field  of  560  G  were  obtained  in  the 
looking  at  a  possible  upgrade  to  the  800-MeV  LAMPF  cavity.  The  accelerating  gradient  achieved  in  the  test  is 
proton  accelerator,  to  provide  higher  intensity  injection  into  already  very  attractive  for  a  proton  linac  application, 
a  new  storage  ring  for  a  new  high-intensity  pulsed  neutron  For  a  proton  linac  it  may  be  more  economical  to  employ 
source.  As  part  of  this  upgrade  to  the  LAMPF  accelerator,  accelerating  structures  with  more  than  two  gaps.  We  have 
the  entire  linac  below  100  MeV  would  be  rebuilt  to  provide  looked  at  two  arrangements  for  the  spokes,  a)  the  ladder 
improved  beam  quality,  improved  reliability,  and  to  include  geometry  where  all  the  spokes  are  parallel,  and  b)  the  cross- 
funneling  at  20  MeV  for  higher  beam  currents.  Both  a  room-  bar  geometry,  where  adjacent  spokes  are  rotated  by  90 
temperature  and  a  superconducting  option  are  being  degrees.  We  have  studied  the  characteristics  of  both  these 
considered  for  the  section  from  20  to  100  MeV.  At  present,  structures  at  805  MHz  and  at  three  different  velocities, 
this  section  is  a  201.25  MHz  room-temperature  copper  drift-  corresponding  to  20,  60,  and  100  MeV  protons,  using  the 
tube  linac  (DTL).  For  this  new  upgrade  scenario  the  3D  electromagnetic  code  MAFIA(Release  3.1).  Figure  1 
frequency  from  20  to  100  MeV  was  fixed  at  805  MHz.  The  shows  drawings  produced  by  MAFIA  for  each  of  these 
new  duty  factor  is  assumed  to  be  7.2%,  and  we  will  show  structures.  For  these  initial  studies  the  spoke  has  been 
some  results  at  two  currents,  30  m A  and  1 50  m A,  that  span  modeled  as  a  rectangular  bar  of  width  =  6.0  cm  with  beveled 
the  range  of  interest.  Our  superconducting  linac  concept  edges  to  reduce  the  peak  electric  field,  and  thickness  =  0.317 
consists  of  individual  multicell  cavities,  each  driven  by  a  Lc  along  the  axial  direction,  where  1<  =  |3A/2  is  the  cell 
klystrode.  Focusing  would  be  provided  by  superconducting  length,  and  3  and  A.  are  the  velocity  and  rf  wavelength.  The 
quadrupole  lenses  between  cavities.  In  the  remainder  of  the  boundary  conditions  are  defined  for  MAFIA  on  the 
paper  we  describe  our  study  to  evaluate  the  potential  of  a  transverse  planes  that  pass  through  the  center  of  the  bars.  For 
superconducting  proton  linac  section  for  this  application,  and  the  re  mode  the  electric  fields  are  parallel  to  the  boundary 
address  some  of  the  many  design  choices. 


Fig.  1.  Views  of  the  multicell  cavity  structures  designed  for  particles  with  velocity  =  0.428  c  produced  by  MAFIA,  a)  Cross¬ 
bar  structure,  b)  Ladder  structure. 
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plane.  The  cavity  radius  R  was  adjusted  until  the  resonant 
frequency  of  the  n  mode  was  within  1%  of  805  MHz.  The 
results  are  shown  in  Table  1,  where  the  cross-bar  and  ladder 
structures  are  designated  as  CB  and  L.  The  notation  is:  Qo  is 
the  unloaded  quality  factor,  Rs(f2)  is  the  rf  surface 
resistance,  T  is  the  transit-time  factor,  k  =  ((0^-0$)/  o)ave  is 
the  intercell  coupling  factor  defined  in  terms  of  the 
frequencies  of  the  0  and  n  modes,  and  their  average 
frequency,  U(mJ)  is  the  stored  energy  within  a  length  pX, 
Ep(MV/m)  is  the  peak  surface  electric  field,  and  Bp(mT)  is 
the  peak  surface  magnetic  field.  The  stored  energy  and  field 
values  are  normalized  so  that  the  accelerating  field  E()T  =  1 
MV/m,  where  Ep  is  the  spatial  average  of  the  axial  electric 
field.  The  coupling  factor  k  is  larger  for  the  CB  case  but  it  is 
probably  acceptably  large  for  both  structure  types. 

The  peak  surface  field  differences  between  the  two 
structures  are  the  result  of  3D  geometry  effects.  The  peak 
surface  electric  fields  generally  occur  at  the  edges  of  the  bar 
even  when  the  edges  are  beveled.  For  the  CB  structure  the 
electric  field  lines  that  originate  from  the  face  of  a  bar  tend 
to  terminate  preferentially  along  the  edges  of  the  adjacent 
perpendicular  bar,  and  this  concentration  produces  an 
enhanced  peak  surface  field.  Improvements  in  the  spoke 
geometry  should  reduce  Ep.  The  peak  surface  magnetic  field 
is  maximum  where  the  bar  intersects  the  cylindrical  wall.  For 
the  CB  structure  the  current  and  the  magnetic  field  are  not 
smoothly  distributed  around  the  bar,  but  are  concentrated 
along  the  sides.  For  the  CB  structure  this  results  in  the 
shortest  path  for  the  current.  Although  the  optimization  of 
the  geometries  is  not  completed,  the  smaller  peak  surface 
fields  for  the  L  structure  makes  this  structure  an  attractive 
candidate. 

We  have  also  looked  at  the  conventional  0-mode  DTL 
structure.  A  disadvantage  of  the  0-mode  structure  is  that  the 
transit-time  factor  is  reduced,  because  the  axial  field  leaks 
into  the  drift  tubes,  when  large  apertures  are  required.  We 
have  considered  an  example  in  which  the  drift  tubes  will  not 
contain  a  focusing  quadrupole,  and  are  designed  with  noses 
to  compensate  for  the  reduction  in  the  transit-time  factor 
caused  by  the  large  aperture.  The  DTL  has  been  modeled  as 
an  azimuthally  symmetric  structure,  and  it's  properties  have 
been  calculated  using  the  2D  electromagnetic  code 
SUPERFISH.  The  results  are  also  shown  in  Table  1.  By 
comparison  with  the  spoke-type  structures,  the  DTL  also  has 
very  strong  intercell  coupling,  lower  T,  much  larger  Ep,  and 
smaller  Bp  (but  see  footnote  for  Table  1). 

III.  BEAM  DYNAMICS  STUDIES 

We  present  two  examples3  from  our  study  of  super¬ 
conducting  linac  solutions  using  the  code  CCLDYN.  The 


multicell  cavities  are  generated  for  a  fixed  value  of  velocity 
P,  all  cells  in  the  cavity  have  the  same  length  {JA/2,  and  each 
cavity  has  a  different  (3.  The  intertank  spaces  are  chosen  to 
allow  adequate  room  for  flanges,  bellows,  diagnostics,  and 
quadrupole  lenses.  The  beam  current,  averaged  over  an  rf 
cycle,  is  assumed  to  be  either  30  or  150  mA.  The 
accelerating  field  EoT  as  a  function  of  beam  energy  was 
obtained  from  a  polynomial  fit  to  MAFIA  calculations,  and 
corresponds  approximately  to  a  constant  peak  surface 
electric  field  near  20  MV/m.  We  chose  EoT  equal  to  3.5 
MV/m  at  20  MeV,  5.1  MV/m  at  60  MeV,  and  5.5  MV/m  at 
100  MeV. 

The  two  linac  designs  we  have  considered  correspond  to 
a  2.0-cm  radial  aperture  and  a  fixed  energy  gain  per  multicell 
cavity  equal  to  a)  AW  =  1.0  MeV,  and  b)  AW  =  3.33  MeV. 
The  number  of  cells  per  cavity  is  determined  by  AW,  EoT, 
and  the  synchronous  phase.  Table  2  summarizes  the 
parameters  for  the  two  examples.  We  interpret  the  results  as 
follows.  For  design  B  the  linac  is  shorter  and  has  fewer 
components.  However,  for  design  B:  a)  the  cavity  input 
power  coupler  requirements  are  greater  (The  present  state  of 
the  art  for  input  power  couplers  represents  a  limit  that  is 
generally  considered  to  be  about  100  kW.),  and  b)  the 
transverse  aperture-to-rms  beam  size  ratio  is  lower  as  a  result 
of  the  reduced  transverse  phase  advance  per  focusing  period, 
leading  to  a  larger  beam  envelope  and  indicating  increased 
beam-loss  potential.  We  consider  that  for  150  mA  the 
transverse  aperture  to  rms  ratio  is  probably  more  than 
adequate  for  design  A,  and  the  longitudinal  ratio  is  more 
than  adequate  for  design  B.  In  these  designs  with 
quadrupoles  between  all  cavities,  increasing  the  cavity 
energy  gain  and  length  increases  the  quadrupole  period, 
which  for  fixed  80°  transverse  phase-advance  per  period, 
reduces  the  overall  quadrupole  focusing  strength.  However, 
it  improves  the  overall  longitudinal  focusing,  because  of  the 
reduced  number  of  intertank  spaces.  The  beam  dynamics 
optimum  in  cavity  energy  gain  lies  somewhere  between  the 
two  designs.  Additional  optimization  would  include  the 
choices  of  aperture  and  synchronous  phase. 

It  may  be  desireable  from  the  point  of  view  of  reliability 
to  restrict  the  number  of  gaps  per  cavity  to  only  2  or  3,  so 
that  failure  of  a  single  cavity  would  result  in  only  a  minor 
perturbation  on  the  overall  linac  performance.  We  have  not 
had  time  to  explore  this  issue,  but  we  note  that  the  mullicell 
cavities  for  the  two  designs  presented  here  could  be  replaced 
by  groups  of  two  or  three  gap  cavities.  Thebeam  dynamics 
results  for  this  case  should  be  similar  to  what  has 


Table  1  MAFIA  results  for  cross-bar(CB)  and  ladder(L) 

structures  in  the  it  mode  and  DTL  structure  in  0  mode. 


Type 

P 

R(m) 

QoRs(a) 

T 

k 

U(mJ) 

Eu(MV/m) 

Bp(mT) 

CB 

0.207 

0.0745 

63.7 

0.782 

0.58 

16.9 

6.16 

24.9 

CB 

0.341 

0.0845 

85.0 

0.776 

0.46 

17.6 

4.14 

16.4 

CB 

0.428 

0.0891 

93.3 

0.771 

0.40 

21.4 

3.86 

14.6 

L 

0.207 

0.0981 

62.5 

0.782 

0.31 

18.8 

5.09 

19.4 

L 

0.341 

0.1000 

86.5 

0.777 

0.30 

18.3 

3.58 

13.6 

L 

0.428 

0.1003 

93.9 

0.779 

0.30 

21.0 

3.43 

13.0 

DTL 

0.207 

0.10 

207.9 

0.498 

0.90 

23.6 

20.5 

8.16 

DTL 

0.341 

0.10 

213.6 

0.641 

0.61 

23.2 

14.4 

7.20 

DTL 

0.428 

0.10 

210.1 

0.633 

0.51 

32.0 

14.2 

8.09 

*  For  the  DTL  this  does  not  include  the  factor  of  2  stem  enhancement. 
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Table  2  Comparison  of  80S  MHz,  20-100  MeV  Superconducting  Linac  Designs 


PARAMETER 

Energy  gain  per  cavity  (MeV) 

EoT  (MV/m) 

Synchronous  Phase  (deg) 

Cells  per  Cavity 
Number  of  Cavities 
Cavity  Lengths  (m) 

Cavity  Input  Power  (kW) 

Intercavity  Spacing 
Aperture  Radius(cm) 

Transverse  Aperture  to  Rms  Beam-Size  Ratio 

Longitudinal  Aperture  to  Rms  Beam-Size  Ratio 

Focusing  Lattice  Type 
Total  Length(m) 


DESIGN  A 

DESIGN  B 

1.00 

3.33 

3.5  to  5.5 

3.5  to  5.5 

-40to-35, 

-40 

9to3 

30  to  9 

87 

26 

0.18  to  0.36 

0.71  to  1.18 

30  (30  mA) 

100  (30  mA) 

150(150  mA) 

500(150  mA) 

5.5  PX  to  3.5  pX 

5.5  PX  to  3.5  pA, 

2.0 

2.0 

14-25  (30  mA) 

7-14  (30  mA) 

11-19(150  mA) 

6-10  (150  mA) 

6-9  (30  mA) 

12-13  (30  mA) 

5-6  (150  mA) 

10-11(150  mA) 

Doublet 

Doublet 

62.0 

36.9 

been  already  presented  in  this  paper,  provided  that  the  gaps 
required  between  cavities  are  small. 

In  Table  3  we  show  various  power  values  at  operating 
temperatures  of  both  2K  and  4.2K.  The  peak  rf  power  of  2.4 
MW  is  determined  by  the  beam  power  for  an  assumed  30 
mA  beam  current.  The  average  rf  power  is  obtained  by 
applying  the  7.2%  duty  factor.  The  rf  surface  resistances  are 
taken  from  measurements  at  80S  MHz  on  single-cell 
niobium  elliptical  cavities4  at  Ep=  20  MV/m,  and  the  surface 
resistance  at  2K  is  lower  than  at  4.2K  by  a  factor  of  16.7. 
The  rf  power  dissipation  in  the  niobium  structure  has  been 
obtained  by  using  the  parameters  from  the  MAFIA 
calculations  for  the  L  structure.  The  static  heat  leak  is 
estimated3  at  7  W/m  of  cryostat  length,  and  the  length  is 
taken  from  the  design  A  value  of  62  m.  Because  the  static 
heat  leak  is  a  continuous  load,  while  the  rf  load  is  pulsed,  the 
static  effect  is  dominant  at  2K  and  is  comparable  to  the  rf 
load  at  4.2K.  For  this  reason  the  large  temperature 
dependence  in  the  rf  surface  resistance  does  not  produce  a 
correspondingly  large  difference  in  the  thermal  power  into 
the  Helium.  The  refrigeration-efficiency6  difference  favors 
the  4.2K  temperature,  mostly  because  of  the  temperature 
dependence  of  the  Carnot  efficiency  factor.  The  net  result  is 
that  the  ac  refrigeration  power  is  about  equal  for  the  two 
operating  temperatures.  This  conclusion  would  change  in 
favor  of  2K  operation,  if  the  accelerating  field  increased,  if 
the  duty  factor  increased,  or  if  the  static  heat  load  decreased. 


Table  3  Superconducting  Linac  Power  Values 


Operating  Temperature 

2K 

4.2K 

Beam  current  (mA) 

30 

30 

Peak  rf  power(MW) 

2.4 

2.4 

Average  rf  power  (kW) 

170 

170 

Niobium  rf  surface  resistance  (nQ) 

24 

400 

Peak  rf  power-niobium  (W) 

520 

8600 

Average  rf  power-niobium(W) 
Static  neat  leak  power  (W) 

37 

620 

430 

430 

Total  power  into  Helium(W) 

470 

1050 

Refrigeration  efficiency 

1/1200 

1/530 

AC  power  for  refrigeration(kW) 

560 

560 

AC  klystrode  power(kW) 

370 

370 

Total  ac  power  (kW) 

930 

930 

The  ac  power  for  the  klystrodes  is  calculated  using  an 
efficiency  factor7  of  47%.  The  final  conclusion  is  that  at  30 
mA  the  peak  rf  power  required  is  2.4  MW,  and  the  total  ac 
operating  power  (refrigeration  plus  klystrodes)  is  just  under 
1  MW.  The  superconducting  linac  sections  would  reduce  the 
peak  rf  power  by  7.0  MW  and  the  ac  operating  power  by  0.8 
MW,  compared  to  the  existing  201.25  MHz  room- 
temperature  copper  DTL. 
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Abstract 

Superconducting  linacs  may  be  a  viable  option  for  high- 
current  applications  such  as  fusion  materials  irradiation  testing, 
spallation  neutron  source,  transmutation  of  radioactive  waste, 
tritium  production,  and  energy  production.  These  linacs  must 
run  reliably  for  many  years  and  allow  easy  routine  maintenan¬ 
ce.  Superconducting  cavities  operate  efficiently  with  high  cw 
gradients,  properties  which  help  to  reduce  operating  and 
capital  costs,  respectively.  However,  cost-effectiveness  is  not 
the  sole  consideration  in  these  applications.  For  example, 
beam  impingement  must  be  essentially  eliminated  to  prevent 
unsafe  radioactivation  of  the  accelerating  structures,  and  thus 
large  apertures  are  needed  through  which  to  pass  the  beam. 
Because  of  their  high  efficiency,  superconducting  cavities  can 
be  designed  with  very  large  bore  apertures,  thereby  reducing 
the  effect  of  beam  impingement.  Key  aspects  of  high-current 
cw  superconducting  linac  designs  are  explored  in  this  context. 

I.  INTRODUCTION 

Questions  regarding  the  design  of  linear  accelerators  with 
high  duty  factor  for  the  long-term  production  of  high-current 
ion  beams  center  as  much  on  beam  physics  as  on  hardware. 
The  pervasive  concern  is  whether  dynamical  phenomena  which 
generate  a  diffuse  halo  of  beam  particles  can  be  sufficiently 
controlled  to  limit  radioactivation  induced  by  beam  impinge¬ 
ment  to  safe  levels.1  For  example,  as  indicated  in  Section  II 
below,  the  maximum  tolerable  amount  of  beam  impingement 
is  of  the  order  of  0.03  nA/m  for  1  GeV  protons.  The  heat 
load  associated  with  this  level  of  impingement  is  30  mW/m. 
The  rf  losses  on  a  superconducting  cavity  will  be  -20-40 
W/m,  and  therefore  radioactivation  is  by  far  the  dominant 
concern  related  to  beam  impingement  on  superconducting 
structures.  This  concern  is  equally  important  for  copper 
accelerators.  Because  shunt  impedance  is  of  less  concern  in 
superconducting  cavities,  they  can  be  designed  to  operate  at 
low  frequency  and  with  large  bore-hole  apertures  to  mitigate 
impingement.  This  constitutes  additional  degrees  of  freedom 
which  are  available  in  the  design  of  high-current  linacs.  In 
Section  III  below,  we  provide  four  generic  superconducting 
cavity  geometries  designed  specifically  for  use  in  these  high- 
current  linacs. 

II.  LIMITS  ON  PERMISSIBLE  RADIO  ACTIVATION 

For  a  low-energy  (35-40  MeV)  deuteron  accelerator,  such 
as  that  being  proposed  for  a  d+Li  neutron  source  for  fusion 
materials  testing,  the  most  important  reactions  are  the  (d,p) 

“Work  supported  by  the  U.S.  Department  of  Energy  under 
contract  W-31-109-ENG-38  and  by  the  Strategic  Defense 
Initiative  Organization. 


and  (d,2n)  reactions,  with  (d,n),  (d,a),  and  other  reactions 
being  somewhat  less  important.  The  neutrons  produced 
through  (d,xn)  reactions  can  also  produce  activation.  Experi¬ 
ments  have  shown  that  neutron  yield  is  higher  in  copper  than 
in  niobium  by  a  factor  of  about  two2  at  Ej  =  10-15  MeV,  and 
we  use  that  assumption  up  through  40  MeV.  This  is  con¬ 
sistent  with  the  variations  in  (n,2n)  cross  sections  such  as 
shown  by  Barbier.2 

Radionuclides  produced  from  niobium  have  either  very 
short  or  very  long  half-lives.  Thus,  the  dose  rate  beginning 
a  few  hours  after  shutdown  should  be  smaller  relative  to  that 
from  copper.  For  niobium,  the  dominant  dose  from  direct  D 
activation  is  due  to  93Mom  (6.9  h).  The  neutron-induced 
activity  in  niobium  is  predominantly  due  to  92Nbm  (10.13  d)  . 

For  copper,  °Zn  (38.3  m)  and  “Cu  (9.8  m)  dominate  the 
dose  rate  at  short  times  following  irradiation.  Of  particular 
interest  is  MZn  (243.8  days),  since  this  nuclide  builds  up  over 
long  irradiations  and  thus  dominates  the  dose  rate  after  several 
days  for  irradiation  times  of  around  300  days.  Other  (d,p)  and 
(d,2n)  activities  in  Cu  decay  rapidly.  At  longer  times  follow¬ 
ing  shutdown,  MCu  (12.8  h)  can  also  be  important,  as  well  as 
“Co  (5.27  y)  from  ®Cu(n,a)  for  long  irradiation  times. 


Table  1.  Dose  rates  in  mrem/h  at  30  cm  distance  from  copper 
and  niobium  35-MeV  D  accelerators  for  1  nA/m  current  loss 
and  1  to  5  MV/m  average  gradient. 


t* 

r? 

II 

Nb 

30  days 

re 

II 

Nb 

300  days 

Oh 

21. 

4.4 

23. 

4.4 

1  h 

5.7 

4.2 

7.4 

4.2 

8  h 

2.0 

3.1 

3.8 

3.1 

24  h 

1.0 

2.2 

2.7 

2.2 

30  d 

0.43 

0.31 

2.1 

0.31 

Accelerator  activation  was  estimated  for  a  constant  1 
nA/m  current  loss  and  an  average  gradient  of  1  MV/m,  with 
the  results  shown  in  Table  1.  For  30  days  irradiation  time 
(t,„),  the  copper  dose  is  much  higher  for  short  time  after 
shutdown  (O.  rhe  dose  for  niobium  is  higher  from  a  few 
hours  to  a  few  days  following  shutdown  (due  to  92Nbm),  while 
the  copper  is  again  higher  at  30  days,  although  the  difference 
is  small.  For  an  irradiation  time  of  300  days,  the  dose  in 
copper  is  higher  at  all  times  following  shutdown  because  of 
the  ingrowth  of  63 Zn.  Dose  rates  are  relatively  insensitive  to 
gradient,  decreasing  somewhat  at  higher  gradient,  assuming  a 
constant  deuteron  loss  per  unit  length;  however,  the  amount  of 
irradiated  material  will  be  greater  for  a  lower  gradient  (longer 
accelerator). 

For  high-energy  proton  accelerators,  neutron  yields 
increase  with  higher  Z  for  proton  bombardment.  The  range 
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of  1  GeV  protons  in  both  niobium  and  tapper  is  of  order  40 
cm,3  and  because  the  wall  thickness  of  the  cavities  is  much 
less  than  the  range,  radioactivation  of  niobium  should  be 
slightly  more,  but  comparable  to,  that  .  copper.  Thus,  for  a 
proton  beam,  the  current  loss  in  both  niobium  and  copper 
needs  to  be  less  than  0.2  nA/m  at  200  MeV,  and  less  than 
0.03  nA/m  at  1  GeV,  to  be  under  2.S  mrem/hr  at  a  distance 
of  1  m  from  the  linac  one  hour  after  shutdown.4 


III.  Large-bore  superconducting  cavities 

1.  General  considerations 

Geometries  of  low-velocity  superconducting  resonators 
generally  incorporate  an  inner  conductor  which  provides  a 
TEM-like  accelerating  mode.5  The  center-gap  to  center-gap 
distance  in  these  structures  is  of  order  BX/2,  where  fl=v/c  is 
the  beam  velocity,  and  X  is  the  rf  wavelength.  For  velocities 
less  than  ~0.1c  and  frequencies  of  several  hundred  MHz,  this 
distance  becomes  too  small  for  practical  resonators,  and  this 
consideration  is  a  principal  motivator  for  superconducting 
RFQs  which  provide  proton  energies  to  ~8  MeV.6  For 
proton  energies  ranging  from  8  MeV  to  2  GeV,  the  cor¬ 
responding  velocity  range  is  B=0. 1-0.9.  Superconducting 
resonators  have  recently  been  developed  for  frequencies  in  the 
range  350-850  MHz  and  optimized  for  velocities  up  to  B=0.3. 
Off-line  experiments  with  these  structures  have  yielded  high 
accelerating  gradients.7,8  Of  these  structures,  the  easiest  to 
fabricate  is  the  spoke  resonator  shown  in  Fig.  1.  This 
geometry  is  also  modular,  for  several  units  can  be  stacked 
together  to  make  a  multigap  cavity.  For  these  reasons,  we  use 
the  spoke  as  the  baseline  geometry  for  superconducting 
cavities  to  be  used  in  high-current  linacs. 


Figure  1.  850  Mhz,  0=0.28,  2-gap  spoke  resonator  prior 
to  the  welding  of  the  end  plates. 


The  choice  of  frequency  hinges  on  a  number  of  consi¬ 
derations.  One  of  them  is  the  ability  to  provide  large-bore 


apertures  for  the  beam,  and  this  favors  lower  frequencies  and 
larger  cavities.  Large  bores  also  provide  lower  transverse 
shunt  impedances  which  reduce  cumulative  beam  breakup. 
The  availability  of  rf  power  is  a  second  concern. 

On  the  other  hand,  it  has  been  inferred  from  numerical 
simulations  that  high  frequencies  mitigate  emittance  growth  by 
towering  the  charge  per  bunch.9  This  is  a  major  consideration 
when  emittance  preservation  is  crucial.  For  most  of  the  high- 
current  applications,  however,  emittance  growth  is  a  concern 
only  in  connection  with  halo  formation  and  beam  transport. 
A  detailed  understanding  of  the  effects  of  bunching  on  high- 
current  beams  is  a  fundamental  building  block  for  the  design 
of  these  linacs,  and  this  will  be  the  topic  of  future  investiga¬ 
tions. 

One  possible  strategy  for  achieving  high  currents  is  to 
combine  two  beams  by  funneling  them  together  at  a  relatively 
low  energy,  a  process  which  doubles  the  rf  frequency.  To 
achieve  large  bores  and  use  a  common  frequency  for  rf  power 
amplifiers,  we  shall  assume  the  linac  operates  at  350  MHz, 
and  that  prior  to  funneling,  the  frequency  is  175  MHz. 

2.  Cavity  geometries 

As  shown  in  the  examples  of  Figs.  2  and  3,  the  spoke 
geometry  can  be  adapted  to  span  a  wide  velocity  range.  For 
high  velocities  it  becomes  more  practical  to  introduce  single¬ 
cell  structures  like  that  shown  in  Fig.  4,  or  multicell  structures 
like  that  shown  in  Fig.  5.  The  properties  of  these  large-bore 
geometries,  which  were  calculated  with  MAFIA  in  the  case  of 
the  spoke  resonators  and  SUPERFISH  in  the  case  of  the  'elli¬ 
ptical’  cavities,  are  given  in  Table  2  below.  In  the  Table, 
resonators  #l-#4  refer  to  the  175  MHz,  6=0.125  spoke,  the 
350  MHz,  6=0.45  spoke,  the  350  MHz,  6=0.45  single-cell, 
and  the  350  MHz,  6=0.8  two-cell,  respectively. 


io  ao  so 

Sea  l  e  In  cm 


Figure  2.  175  MHz,  0=0.125,  2-gap  spoke  resonator. 


Compared  to  two-gap  spoke  resonators,  two-cell  "ellipt¬ 
ical”  cavities  generally  have  higher  shunt  impedances  and 
lower  rf  surface  fields.  They  are  also  comparatively  simple 
and  easy  to  fabricate.  However,  for  a  given  frequency,  these 
structures  are  also  much  larger  than  the  spoke,  and  are  likely 
to  be  less  mechanically  rigid. 
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Table  2.  Comparison  of  resonator  properties. 


#1 

W2 

#3 

#4 

Be/E,JG/(MV/m)] 

122 

125 

41.6 

35.9 

R*'  (103  M0) 

1.3 

1.5 

1.2 

6.7 

R*/Q  (0) 

47.1 

121 

51.3 

205 

P(W)f 

2.73 

9.65 

9.0 

14.5 

AV  (MV)7 

0.6 

1.2 

1.0 

3.1 

Diameter  (cm) 

60 

38 

74 

76 

'Assumes  BCS  R.  at  T  =  4.2  K,  fAt  =  6  MV/m. 


It  remains  to  be  determined  where  to  transition  from  the 
spoke  geometry  to  multicell  structures  in  a  full  linac  design. 
It  is  also  of  interest  to  determine  the  optimum  number  of  gaps 
or  ceils  for  each  structure.  Beam  dynamics  and  the  availabi¬ 
lity  of  rf  power  influence  this  question.  The  required  lattice 
period  of  focusing  elements  will  be  shorter  at  lower  velocities. 
A  requirement  that  the  linac  be  operable  when  one  or  more 
structures  have  failed  will  place  an  additional  constraint  on 
structure  length.  The  amount  of  rf  power  which  may  be  input 
to  the  cavity  will  be  limited  by  the  capability  of  the  coupler, 
and  this  places  the  most  stringent  restriction  on  structure 
length  in  high-current  linacs. 


ao  ao 
Sea i a  i n  cm 


Figure  3.  350  MHz,  0=0.45,  2-gap  spoke  resonator. 


Figure  4.  350  MHz,  0=0.45,  Single-cell  TMo,0  resonator. 


Figure  5.  350  MHz,  0=  0.8 


III.  Conclusions 

Radiofrequency  superconductivity  offers  a  number  of  ad¬ 
vantages  for  high-current,  high-duty-factor  linacs,  among  these 
is  the  ability  to  open  up  the  cavity  apertures  to  mitigate  beam 
impingement  and  its  associated  radioactivation.  The  cavities 
also  may  be  expected  to  operate  at  a  higher  real-estate  gradient 
than  their  normal-conducting  counterparts.  There  are  no 
known  show-stoppers  for  rf  superconductivity  in  these 
applications;  the  associated  beam  physics  is  beginning  to  be 
understood,  appropriate  accelerating  structures  have  been 
designed. 

An  important  uncertainty  in  the  design  of  these  linacs  is 
the  projected  capability  of  rf  power  couplers.  Coupler 
development  and  continued  beam-physics  research  are  key 
components  of  the  development  path.  A  more  important  and 
fundamental  component,  however,  is  a  high-current  ion-beam 
test  of  superconducting  structures.7 
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Abstract 

Several  high  powered  linac  designs  are  being 
considered  for  various  purposes  including  radioactive 
waste  treatment,  tritium  production,  and  neutron  factories 
for  materials  studies.  Since  the  fractional  beam  losses 
must  be  in  the  10" ^  to  10’^  range  and  are  clearly  subject 
to  operational  variables,  the  design  engineers  are  forced 
to  develop  concepts  which  combine  maintainability  under 
radioactivity  conditions,  high  availability,  and  very  high 
reliability  while  dealing  with  the  operating  parameters 
resulting  from  CW  operation.  Several  design  solutions  to 
selected  problems  are  presented. 

I.  INTRODUCTION 

A  common  feature  of  the  new  class  of  high  powered 
linacs  being  considered  for  such  future  tasks  as 
radioactive  waste  transmutation,  plutonium 
neutralization,  tritium  production  ,  etc.  is  the 
unprecedented  power  carried  in  the  beam.  A  typical 
design  for  a  1  GeV  proton  linac  at  200  mA  implies  a 
beam  power  of  200  megawatts  CW!  An  important  task  in 
designing  such  a  linac  is  to  safeguard  the  boretube  from 
beam  impingment  by  configuring  the  machine  with  a 
large  aperture  ratio  (ratio  of  boretube  diameter  to  rms 
beam  diameter).  This  involves  the  use  of  short  focussing 
lattices  to  tightly  contain  the  beam,  doublet  focussing, 
and  minimizing  the  structural  variations,  such  as  boretube 
diameter  or  lattice  length  changes.  A  second  task  in 
designing  this  sort  of  linac  is  to  provide  a  mechanical 


design  which  recognizes  the  major  areas  of 
potential  operational  difficulties  such  as  multipactoring, 
RF  and  vacuum  seal  integrity,  cooling  channel  durability 
and  corrosion  resistance  as  well  as  areas  requiring 
relatively  high  maintenance  so  that  accessibility  and 
speed  of  maintenance  in  radioactive  environments  can  be 
properly  addressed. 

n.  THE  APT  POINT  DESIGN  AT  LOS 
ALAMOS 

Shown  in  Fig.  1  is  a  block  diagram  of  the  Los 
Alamos  design  for  a  high  power  linac.  The  same 
machine,  or  one  closely  related  to  it  can  be  used  for  waste 
treatment  (ATW)  or  conversion  of  plutonium  (ABC).  We 
call  machines  of  this  type  AXY  linacs.  The  linac  is 
heavily  beam  loaded  (79%)  and  will  consume  about  470 

MVA  to  operate.  It  consists  of  two  100  mA  H+  injector 
lines  feeding  a  funnel  at  20  MeV  which  combines  the  two 
beams.  The  frequency  of  operation  of  the  RFQ  and  DTL's 
in  the  injector  lines  is  350  MHz  and  downstream  of  the 
funnel  the  200  mA  beam  is  accelerated  by  RF  structures 
operating  at  700  MHz.  Beyond  the  funnel  the  aperture 
ratio  is  gradually  increased  through  the  Bridge  Coupled 
DTL  (BCDTL),  a  new  type  of  structure,  and  into  the 
Coupled  Cavity  Linac  (CCL).  The  aperture  ratio  through 
the  CCL  which  comprises  the  bulk  of  the  machine 
increases  from  13  to  26:1.  For  comparison,  the  aperture 
ratio  of  LAMPF,  the  world's  most  powerful  linac  today  is 
only  6:1. 


30  m - 1 —  1 10  m— | - 860  m 


Fig.  1.  High  Power  Linac  Concept. 
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Department  of  Energy 


0-7803-1203- 1/93S03.00  ©  1993  IEEE 


1718 


III.  ENGINEERING  SOLUTIONS 
DEVELOPED  IN  THE  APT  DESIGN  FOR 
HIGH  POWERED  STRUCTURES: 

A)  Innovative  Accelerating  Structures 

In  order  to  be  able  to  use  EMQ's  in  the  DTLs,  a  high 
energy  RFQ  was  required.  A  design  was  developed  for  a 
multi-sectioned  RFQ  to  operate  at  7  MeV  (ref.  1).  This  8 
meter  long  unit  actually  functions  as  four  independent  2 
meter  long  RFQs  thereby  avoiding  mode  interference 
problems. 

The  other  new  structure  is  the  BCDTL  which  is  a 
multiple  tank  DTL  with  quadrupole  doublet  focussing  in 
the  intertank  spaces  much  like  a  bridge  coupled  CCL. 
The  BCDTL  has  large  apertures  at  high  frequency  and 
solves  many  fabrication  and  operational  problems 
associated  with  CCLs  at  low  energy  (refs.  2  &  3). 

B)  Radiation  Hardening 

Because  of  the  potential  for  neutron  damage  to 
materials,  essentially  all  the  quadrupoles  in  the  ATW 
point  design  are  EMQ's  with  radiation  resistant  potting  of 
the  field  coils.  The  technique  proposed  is  shown  in 
Fig.  2a-c.  The  coils  are  coated  with  a  glass  frit  compound, 
fired  to  produce  a  glass  coated  surface  and  then  potted  in 
calcium  aluminate  cement  (ref  4).  In  addition,  quads  are 
designed  with  demountable  yokes  so  the  coils  can  be 
removed  if  necessary. 

Radiation  hardening  of  the  vacuum  seals  and  knife- 
edge  style  RF  seals  are  essential  in  an  ATW  type 
machine.  We  used  the  Helicoflex  seal  for  most  vacuum 
closures.  Most  of  the  Helicoflex  beamline  seals  are  used 
in  conjunction  with  Helicoflex  Quick  Flanges  which  can 
be  released  and  sealed  from  the  aisle  side  of  the  machine 
with  a  single  air  drive  screw.  To  assure  high  RF  integrity, 
the  RF  joints  throughout  most  of  the  machine  are  knife 
edges  using  a  modified  Conflat  concept  backed  up  by  an 
independent  Helicoflex  seal  enclosed  in  the  same  flange 
pair  (Fig.  3). 


Fig.  3.  Flange  Design. 

C)  Modularization 

ATW  is  modularized  as  illustrated  in  Fig.  4.  The 
point  design  contains  403  modules  of  both  BCDTL  and 
CCL  types  requiring  366  1  MW  klystrons. 
Modularization  breaks  the  linac  into  manageable  lengths 
for  vacuum  checkout  and  instrumentation.  The  modules 
are  preassembled  in  the  lab,  aligned  and  checked  out  for 
vacuum,  cooling  and  RF  integrity.  They  are  then 
transported  to  the  tunnel  and  installed  on  3-point  support 
mounts  and  aligned  to  the  tunnel  alignment  system.  The 
beamline  height  is  1.47  meters  which  makes  the  modules 
convenient  to  work  on.  Most  essential  components  are 
accessible  from  the  aisle  side,  including  the  items  most 
likely  to  need  maintenance,  i.e.  the  ion  pumps  and 
beamline  components  such  as  diagnostic  devices  located 
in  the  intertank  spaces.  Fig.  5  shows  a  typical  doublet 
pair  mounted  as  a  module  on  two  precision  linear  rails  in 
the  intertank  gaps.  Diagnostics,  bellows,  beamline 
vacuum  valves  and  flanges  are  part  of  this  modular 


Fig.  2a.  One  of  two  copper  coils  that 
comprise  a  quadrupole  magnet:  note 
quadrupole  complex  nested  winding, 
aluminum  wrap. 


Fig.  2b.  Enameled  quadrupole  coil.  Fig.  2c.  Encapsulated 

coil. 
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assembly.  The  doublet  pair  is  critically  aligned  relative 
to  the  linear  rails  so  that  when  the  unit  requires  servicing 
it  can  be  removed  easily  and  mounted  on  a  similar  set  of 
rails  in  the  lab  and  then  prealigned  prior  to  re-installation 
on  the  beamline  without  the  need  for  final  alignment  on¬ 
line. 

D)  Component  Considerations 

In  the  ATW  point  design  the  drift  tubes  were 
designed  for  changeout  under  potentially  activated 
conditions  by  installing  them  on  girders  as  shown  in  Fig. 
6.  The  drift  tube  is  "hard  mounted",  (sealed)  by  a  single 
point  RF  knife  edge  and  backed  up  by  a  silver  plated 
Helicoflex  vacuum  seal.  Alignment  is  critically  set  by 
means  of  a  water  cooled,  heavy  guage  copper  flex 
membrane  which  is  stressed,  yielded  and  work  hardened 
in  the  process.  This  method  of  hard  socketing  is 
necessary  to  withstand  CW  RF  heating.  If  the  knife  edge 
or  vacuum  seal  were  to  fail,  the  girder  could  be  removed 
from  the  tunnel  and  work  done  on  the  failed  drift  tube. 

The  APT  CCL  is  a  700  MHz  cavity  system  which  is 
sized  to  fit  into  existing  hydrogen  brazing  facilities.  A 
major  concern  is  the  careful  selection  of  braze  alloys  to 
avoid  galvanic  corrosion  along  the  cooling  channel  joints. 
The  external  manifolding  that  supplies  the  cooling  is  also 
critical  since  it  will  carry  radioactive  water  which  can  not 
leak  into  the  tunnel.  In  the  APT  design  we  used  high 
vacuum  (VCR)  water  fittings  everywhere. 

E)  Tunnel  Considerations 

The  final  major  consideration  for  the  designers  of 
AXY  style  linacs  is  the  beamline  tunnel  itself.  Even 


Fig.  6.  Girder  Mounted  Drift  Tubes. 

though  any  given  design  will  always  assume  hands-on 
maintenance  as  the  design  goal  and  the  physics  will 
always  maximize  such  parameters  as  "aperture  ratio",  one 
must  always  consider  future  changes  in  personnel 
exposure  limits,  abnormal  operation  of  the  machine  or 
degradation. .  For  these  reasons  it  is  wise  to  allow  for  the 
possibility  of  remote  maintenance.  Two  major  features 
are  incorporated  in  our  ATW  point  design.  One  is  the  use 
of  radio  controlled  bridge  cranes  in  the  tunnel  to  carry 
surveillance  booms  as  an  adjunct  to  the  normal 
workhorse  function.  The  other  feature  is  a  tunnel 
spacious  enough  to  allow  a  high  performance  remote 
maintenance  master-slave  servo-manipulator  system  to 
work.  One  such  system  is  MANTIS,  used  at  CERN. 

IV.  CONCLUSIONS 

The  point  design  for  the  Los  Alamos  ATW  linac  has 
been  concieved  to  be  radiation  hardened  in  spite  of  its 
careful  design  for  extremely  low  beam  loss.  The  use  of 
modularization,  self  aligning  quadrupole  doublets  and 
easy  aisle-side  maintenance  adaptable  to  remote  servicing 
has  been  promoted  in  anticipation  of  most  of  the 
maintenance  problems  we  can  forsee. 
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Abstract 

A  30  MeV  compact  cyclotron  devoted  to  medical 
radioactive  isotope  production  is  being  built  in  CIAE.  It 
was  originally  designed  by  IBA,  Belgium.  Some  major 
modifications  of  the  design  have  been  taken.  In  order  to 
improve  the  performance  of  the  machine,  the  magnet 
redesign  and  adjustment  have  to  be  taken.  All  equipments 
in  control  room  are  already  in  position.  RF,  power  sup¬ 
plies,  vacuum  and  water  cooling  system  have  been  tested. 
The  machine  is  being  in  final  installation  and  ready  for 
commissioning. 

I  .  GENERAL  DESIGN  FEATURES 

CIAE  medical  cyclotron  is  a  fixed-field,  fixed-fre¬ 
quency  isochronous  cyclotron  accelerating  H“  ions  beam 
up  to  a  maximum  energy  of  30  MeV  and  extracted  beam 
intensity  of  350  /iA  and  low  power  consumption  less  than 
100  KW. 

Negative  hydrogen  ions  are  produced  by  an  external 
multicusp  ion  source  located  above  the  cyclotron  yoke  [1]. 

The  beam  from  ion  source  is  injected  axially  and  in¬ 
flected  in  the  median  plane  by  an  electrostatic  helicoid 
inflector.  It  is  then  accelerated  by  two  30  °  dees  elec¬ 
trodes  while  it  is  contracted  to  a  fixed  magnetic  field.  The 
two  dees  are  located  in  the  magnet  valleys,  allowing  the 
magnet  gap  to  be  very  small.  The  H"  ions  are 
continuously  accelerated  until  the  beam  passes  through 
the  carbon  foil,  the  negative  ions  are  stripped  off  their 
electrons,  become  positive.  Continuously  adjustable  ener¬ 
gy  from  15  to  30  MeV  is  achieved  by  varying  the  radial 
position  of  the  carbon  foil. 

Partially  intercepting  foils  permit  the  extraction  of 
two  beams  at  the  same  time  and  will  direct  them  to  one  of 
the  two  extraction  beam  lines. 

The  extracted  beam  passes  through  a  7  meter  trans¬ 
port  line  to  a  solid  target  where  a  pneumatic  carrier  will 


ship  the  isotope  products  from  the  station  to  an  unload 
hot  cell  for  radioisotope  distribution. 

This  project  with  most  of  equipments  made  in  China 
has  been  made  significant  progress.  Various  systems  of 
the  machine  are  installed  in  construction  site  seperately 
and  test  results  are  satisfied. 

II.  THE  MAGNET  SYSTEM 

The  magnetic  structure  of  Cyclone  30  has  been 
specially  designed  to  reduce  the  electrical  power  con¬ 
sumption  combining  the  advantages  of  separated  sector 
cyclotron  and  compact  cyclotron.  In  order  to  meet  the 
fabrication  enviroment  of  China  and  to  improve  its  per¬ 
formance,  redesign  was  taken  based  on  DE  3D 
programm  [2j  and  some  structure  modifications  are  made 
including: 

•  In  original  design,  the  upper  and  lower  yokes  are 
each  seperated  into  two  pieces:  base  plate  and  base  ring. 
In  order  to  reduce  mechanical  work  and  loose  the  toler¬ 
ance,  the  two  seperated  pieces  are  combined  together  as 
one.  The  field  stability  and  vacuum  seal  both  are  im¬ 
proved  also. 

•  54  °  angle  four  sector  poles  are  rigidly  fixed  and 
sealed  onto  base  plate  by  the  grub  screws  with  two 
polyflon  material  sealing  rings. 

•  8  positioner  are  used  for  positioning  the  upper  yoke 
once  it  has  to  be  lifted. 

Now  the  magnet  mapping  is  finished  by  means  of  a 
Hall  probe  controlled  automatically.  The  required 
isochronous  field  related  to  R.F.  phase  shift  and  first 
harmonic  are  adjusted  by  azimuthal  shimming  of  the  pole 
edges.  High  quality  isochronous  field  profile  is  obtained. 

The  measurement  results  are  shown  in  Fig.  1,  2  and 
3. 
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Fig.  1  Amplitude  of  first  harmonic 


Fig.  2  Total  phase  shift  with  different  vacuum  cor¬ 
rections 


Fig.  3  Total  phase  shift  with  different  RF  initial 
phases 

The  isochronous  field  can  can  be  achieved  using  elec¬ 
trical  power  7  KW  only. 

In  addition,  switching  magnets,  quadrupoles,  steer¬ 
ing  magnets  and  corresponding  power  supplies  are  fabri¬ 
cated  based  on  our  own  design.  Their  quality  is  same  or 
better  than  the  requested  theoretically. 

ID.  R.F.  ACCELERATING  SYSTEM 

The  R.F.  accelerating  system  is  made  in  Chinese 
manufacturer.  The  accelerating  electrodes,  the  ‘dees*  are 


supported  by  stems  inserted  in  the  valleys.  When  the  yoke 
lifted,  the  dees  split  into  a  lower  and  an  upper  parts.  This 
configuration  gives  the  acceleration  system  exceptional 
mechanical  stability  and  does  not  require  fragile  insula¬ 
tors. 

The  dees  are  made  of  solid  copper  and  are  conduc¬ 
tion  cooled.  This  considerably  reduces  the  risk  of 
water-leakage  inside  the  machine  and  thus  the  contami¬ 
nation  risks. 

The  two  30  °  dees  operate  on  the  4th  harmonic 
mode  with  respect  to  the  particle  revolution  frequency. 
To  prevent  any  phase  mismatch  and  to  simplify  the  R.F. 
system,  they  are  connected  at  the  center  below  the  median 
plane  to  leave  room  for  the  inflector. 

The  R.F.  cavities  are  entirely  located  in  the  valleys. 
The  R.F.  power  needed  to  obtain  50  KV  of  dee  voltage  is 
approximately  5.5KW  per  cavity.  In  addition,  up  to  15 
KW  of  R.F.  power  are  used  for  beam  acceleration. 

A  single  R.F.  amplifier  delivering  25  KW  of  power  at 
65.5  MHz  is  installed  in  the  median  plane  and  is 
capacitively  coupled  to  the  cavity.  The  variable  load  due 
to  the  beam  behaves  as  a  variable  load  resistor  on  the  fi¬ 
nal  tube,  so  the  amplifier  always  operates  at  peak  effi¬ 
ciency. 

Zero-bias,  grounded-grid  triodes  are  used  for  the 
final  25  KW  amplifier  and  3  KW  driver  amplifier.  This 
design  give  the  system  absolute  stability  and  eliminates 
the  grid  and  screengrid  power  consumption.  The  R.F. 
system  has  been  tested  and  the  working  frequency  was 
measured.  The  result  shows  that  Dee  circuit  coincides 
well  with  the  results  of  magnetic  mapping. 

IV  .  VACUUM  AND  WATER  COOLING 
SYSTEM 

The  vacuum  chamber  of  cyclone  30  cyclotron  is  a 
cylinder  made  of  aluminium  alloy,  sealed  onto  the  magnet 
yoke  by ‘O’  rings.  Some  openings  on  the  vessel  for  beam 
exit,  stripper  entry,  R.F.  feed  etc.  are  isolated  from 
ambient  atmosphere  by  air-lock  system  and ‘O’  rings. 

Three  types  of  pumps  are  used  in  the  cyclotron. 
Roughing  is  performed  by  forepumps  from  1000  mbar 
down  to  10'2mbar.  High  vacuum  is  maintained  by  two  oil 
diffusion  pumps  (  30001 /s  )  from  10~2mbar  down  to 
10_6mbar  and  by  two  cryogenic  pumps  (  1 5001  /  s  )  to  im¬ 
prove  vacuum  around  10~7mbar  adequate  for  extracting 
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beam  above  3S0  /iA.  Cryopumps  could  also  increase  the 
pump-down  speed  in  the  cyclotron. 

Demineralized  water  is  used  for  machine  cooling 
through  manifold  with  stainless  steel  ball  valves,  flow 
controllers,  distributing  the  water  to  all  cooling  circuits. 

Temperature,  resistivity  and  flow  amount  of  water 
are  used  as  control  interlocks  to  guarantee  the  safety  of 
the  equipments. 

All  the  vacuum  and  cooling  system  have  been  in¬ 
stalled  and  tested  for  the  machine  operating  properly. 

V.  CONTROL  SYSTEM 

The  cyclotron  and  related  equipments  are  controlled 
by  a  SIMATIC  S5-135U  programmable  controller  be¬ 
cause  of  its  reliability  and  its  versatility.  It  also  offers  the 
possibility  to  expand  and  interconnect  with  other 
programmable  devices.  Normal  operation  of  the 
cyclotron  is  entirely  automatic,  from  cyclotron  start-up 
to  targetry  and  chemistry,  requiring  no  operator  during 
routine  production.  Color  monitor  displays  graphically 
the  operations. 


A  spillproof  keyboard  and  two  ‘virtual’  knobs  that 
can  be  used  for  preset  the  cyclotron  parameters.  To  meet 
the  control  rquiremeuts  of  PLC,  special  interfaces  are  ad¬ 
ded  in  relevant  devices.  For  examples,  power  distrubution 
and  power  supplies,  water  and  vacuum  control  and  inter¬ 
locks,  beam  measurement  and  displays . .  Now  the 

whole  control  system  are  installed  in  control  room,  part 
of  main  functions  has  been  tested,  some  with  real  devices 
and  some  with  simulations.  Overall  hardware  and 
software  test  will  be  done  in  final  general  testing. 
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Abstract 

The  magnetic  Held  design  for  a  600  MeV  proton  cyclotron 
is  described.  The  cyclotron  has  a  single  stage,  a  normal 
conducting  magnet  coil  and  a  9.8  m  outside  yoke  diameter.  It 
has  8  sectors,  with  a  transition  to  4  sectors  in  the  center  region. 
The  magnetic  Held  design  was  done  using  19S8  Harwell 
rectangular  ridge  system  measurements  and  was  compared 
with  recent  3-dimensional  field  calculations  with  the  program 
TOSCA  at  NSCL.  The  center  region  4-8  sector  transition 
focussing  was  also  checked  with  TOSCA. 

I.  INTRODUCTION 

The  report  on  the  IsoSpin  Laboratory  (ISL)  [1]  describes  a 
"benchmark"  reference  design  for  a  facility  for  the  production 
of  radioactive  nuclear  beams  in  North  America.  The  primary 
accelerator  is  required  to  produce  protons  at  an  energy  of  .5- 
1.0  GeV  and  an  intensity  of  100  pA,  while  a  secondary 
accelerator  will  accelerate  radioactive  beams  from  the  target  to 
about  10  MeV/u.  The  primary  accelerator  can  be  a  cyclotron 
such  as  the  PSI  ring  or  TRIUMF.  Because  of  the  high  beam 
power  an  essential  requirement  for  this  cyclotron  is  that  of 
minimizing  the  beam  lost  at  high  energy  inside  the  cyclotron, 
to  prevent  component  damage  and  reduce  radiation  exposures 
during  maintenance.  This  in  turn  requires  very  high  extraction 
efficiency  either  by  good  turn  separation  at  extraction  or  by 
use  of  negative  ions.  This  paper  presents  the  magnetic  field 
design  of  a  primary  cyclotron  which  minimizes  cost  while 
maintaining  high  extraction  efficiency. 

H.  GENERAL  FEATURES 

The  design  choices  are  described  in  a  previous  paper 
[2].  The  present  design  uses  positive  ions  with  very  high 
extraction  efficiency.  This  design  has  the  advantage  over  a 
negative  ion  design  of  preventing  the  stripping  loss  activation 
of  vacuum  tank  material,  and  using  a  higher  magnetic  field  and 
thus  a  smaller  radius.  The  advantage  compared  to  a  separate 
sector  design  is  that  the  compact  magnet  requires  only  one 
main  coil,  and  eliminates  the  injector  stage.  The  choice  of 
pole  diameter  size  is  a  compromise  between  better  turn 
separation  for  a  large  radius  and  lower  cost  for  a  small  radius 
at  higher  magnetic  field.  The  dees  are  placed  in  valleys  so  that 
the  hill  gaps  can  be  made  small,  giving  acceleration  out  to  near 
the  edge  of  the  magnet,  easin’  extraction  and  low  magnet 

♦This  work  was  supported  by  the  Director,  Office  of  Energy 
Research,  Division  of  Nuclear  Physics  of  the  Office  of  High 
Energy  and  Nuclear  Physics  of  the  U.S.  Department  of  Energy 
under  Contract  DE-  AC03-76SP00098. 


power.  Dees  in  the  valleys  at  this  energy  require  the 
resonators  to  be  in  the  valleys  also,  since  the  radial  length  of 
the  dees  is  the  order  of  1/4  wavelength.  The  highest 
acceleration  is  required  near  extraction,  so  additional  auxiliary 
dees  are  added  there.  The  sector  number  can  be  6  or  8  to  get 
to  600  MeV.  8  is  chosen  to  allow  a  transition  from  8  to  4 
sectors  in  the  center  with  2  main  dees.  The  4  sector  center 
region  gives  better  acceleration  transit  time  factor  and  magnet 
flutter  than  an  8  sector  design. 

HI.  4-8  SECTOR  CENTER  REGION 

A  magnetic  field  having  a  transition  between  different 
numbers  of  sectors  has  to  be  evaluated  for  adequate  flutter  to 
give  axial  focussing.  Such  a  transition  between  8  and  4  sectors 
was  used  by  the  Analogue  II  electron  model  [3]  in  1961  at  Oak 
Ridge,  as  pointed  out  by  H.  Blosser.  The  use  of  a  transition 
from  6  to  3  sectors  was  proposed  by  AEG  in  1962  [4],  as 
pointed  out  by  Joho. 

To  check  the  feasibility  of  a  particular  geometry  of  a  4-8 
sector  design,  the  magnetic  field  of  a  simple  sector  magnet 
representing  the  center  region  was  calculated  by  F.  Marti  with 
the  3D  program  TOSCA  [5].  The  magnet  is  shown  in  Fig.  1. 
With  a  .1  meter  gap  in  the  hills,  the  pole  radius  is  .75  m, 
compared  to  3.4  m  for  the  full  600  MeV  beam.  In  Fig.  2  the 
magnetic  flutter  is  plotted,  showing  the  fast  rise  of  the  4  sector 
region  at  the  machine  center,  and  the  transition  to  the  slower 
rising  8  sector  region  further  out.  The  flutter  drops  at  large 
radius  due  to  the  usual  pole  edge  effect  The  value  of  the  axial 
focusing  frequency  Nuz  is  also  plotted  in  Fig.  2,  showing  that 
there  is  adequate  focusing  from  this  configuration.  Nuz  could 
be  increased  at  larger  radius  by  having  the  transition  further 
out.  Nuz  was  calculated  with  the  equilibrium  orbit  code 
CYDEG,  a  general  form  of  the  88-Inch  Cyclotron  program 
CYDE,  developed  by  J.  Moehlis. 

IV.  MAGNETIC  FIELD  DESIGN 

The  present  design  for  600  MeV  protons  is  shown  in  Fig. 
3.  As  mentioned  above  it  is  a  compact  design  using  a  single 
main  coil.  The  maximum  radius  is  about  3/4  of  that  of  the  PSI 
ring  design.  The  average  magnetic  field  was  assumed  to  be  12 
kG  at  600  MeV.  The  transition  of  4-8  sectors  can  be  seen  in 
the  center  region. 

For  preliminary  design  one  can  use  the  simple  formula  for 
the  axial  focusing: 

Nuz2  =  FSQ  (1  +  2  tan2  Eps)  -  p' 
where  Nuz  is  axial  frequency,  FSQ  is  flutter,  Eps  is  spiral 
angle  and  p'  is  average  field  gradient,  p'  is  determined  by  the 
energy.  To  produce  a  Nuz  of  .3-.4  we  need  to  have  enough 
spiral  and  flutter  at  each  energy  to  overcome  the  defocusing  of 
the  average  field.  In  the  previous  paper  [2]  a  sharp  edge  was 
assumed,  with  a  valley  field  of  zero.  A  better  estimate  is 
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tested  in  this  paper.  It  uses  some  systematic  magnetic  field 
measurements  on  rectangular  ridge  systems  by  P.  F.  Smith  of 
Harwell  [6].  This  work  by  Smith  calculates  the  flutter  and 
average  gap  for  a  range  of  average  magnetic  field  of  6-20  kG, 
a  range  of  ratio  of  hill  width,  p,  to  (hill  +  valley)  width,  lamda, 
of  .35-.80,  and  ranges  of  hill  gap  and  hill  depth.  A  design  was 
tested  using  a  p/lam  da  of  .5  at  600  MeV  and  using  a  spiral 
angle  Eps  sufficient  to  make  Nuz  =  .35.  At  lower  energies 
p/Iamda  was  reduced  to  produce  the  proper  isochronous  field 
and  Eps  was  reduced  to  leave  Nuz  =  .35.  This  calculation 
required  considerable  interpolation  and  extrapolation.  The 
Smith  measurements  are  on  rectangular  parallel  ridges,  but  the 
correction  suggested  by  him  was  used  to  calculate  the  spiral 
ridges  used  here.  This  consisted  of  measuring  p  and  lamda 
perpendicular  to  the  edges  of  the  spiral  to  give  and  effective 
reduced  value.  The  valley  depth  was  set  at  the  coil  height  to 
make  a  simple  design.  Deeper  valleys  don't  increase  the  flutter 
much. 

The  resulting  hill  shape  is  shown  in  Fig.  3.  Spiral  is 
required  only  at  the  outer  radii.  In  Fig.  4  the  values  of  Eps  and 
p/lamda  are  shown.  It  was  decided  in  this  test  to  keep  p/lamda 
at  .35  or  larger,  since  this  was  the  minimum  value  in  the  Smith 
report  Eps  is  0  below  100  MeV,  slightly  over  half  radius. 

A  TOSCA  calculation  was  done  on  this  design  by  F.  Marti 
[5]  to  compare  the  values  of  average  field  and  flutter  with 
those  predicted  by  Smith.  Fig.  5  shows  the  comparison  of 
average  field.  The  field  for  the  Smith  case  used  the  calculated 
average  gap,  and  assumed  the  field  is  inversely  proportional  to 
the  gap.  In  the  Smith  calculation  the  average  gap  depends  on 
the  field,  so  this  comparison  used  the  TOSCA  field  to  calculate 
gap.  The  agreement  is  about  .5  kG  out  of  10  kG,  or  5%.  The 
disagreement  at  the  largest  radius  is  due  to  the  edge  effect  of 
the  pole.  An  additional  TOSCA  run  showed  that  the  average 
isochronous  field  could  be  extended  by  increasing  the  hill 
radius,  as  expected.  This  field  is  approximately  isochronous 
for  the  outer  1/3  of  the  radius.  Inside  that  coils  would  have  to 
be  used  to  correct  up  to  3  kG  error  in  the  center.  Alternatively 
the  p/lamda  could  be  further  reduced  and  the  gap  increased  at 
smaller  radii. 

A  similar  comparison  is  shown  for  flutter,  FSQ,  in  Fig.  6. 
There  are  two  Smith  curves.  The  one  at  small  radius  uses  an 
approximation  for  small  hill  width  to  depth  ratio,  which 
applies  at  the  center  region.  The  last  outer  point  of  the  Smith 
curve  is  again  due  to  edge  effects.  The  agreement  of  TOSCA 
and  Smith  are  good  enough  for  preliminary  design. 

The  conclusion  is  that  the  Smith  data  can  be  used  for  first 
design,  before  running  TOSCA,  and  can  provide  a  guide  to  the 
hill  geometry  which  can  provide  a  required  amount  of  axial 
focussing.  However  it  needs  interpolation  and  extrapolation  to 
make  use  of  the  tables  of  data,  and  has  some  limitations  of 
parameter  range.  The  configuration  used  here  and  shown  in 
Fig.  3  is  just  an  example  for  evaluating  the  Smith  data.  For  a 
final  design  we  need  up  to  10  degrees  more  spiral  at  300-600 
MeV  for  focussing,  a  hill  extension  outward  of  about  .1  m, 
and  some  adjustment  of  the  average  field  in  the  smaller  radii  to 
reduce  trimming  coil  power. 

V.  OTHER  DESIGN  FEATURES 

The  main  dees  operate  at  harmonic  4, 44  MHz,  and  extend 
in  to  the  center.  1/4  wavelength  of  rf  is  1.7  m,  only  about  1/2 
the  extraction  radius,  so  the  resonators  must  be  in  the  valleys, 


with  vertical  dee  stems.  2  more  dees  can  be  added  to  reduce 
the  number  of  turns  from  2000  to  1000,  at  a  dee  voltage  of  100 
kV.  Small  auxiliary  dees,  indicated  near  extraction  radius  in 
Fig.  3,  increase  the  energy  gain/tum  there  and  give  the  option 
of  flat-topping  for  better  turn  separation.  For  acceleration  they 
can  operate  at  harmonic  8.  For  example,  4  dees  at  250  kV, 
harmonic  8,  would  give  about  2  MV/tum. 

The  ion  source  is  assumed  to  be  external,  with  an  injection 
energy  of  about  50  kV.  An  external  source  allows  bunching 
into  the  required  phase  width  for  turn  separation  at  extraction. 
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Figure  1.  Magnetic  model  with  4-8  sector  transition,  for 
TOSCA  calculation. 
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Figure  5.  Average  magnetic  field,  B  ave.,  calculated  by  Smith 
tables  and  TOSCA. 
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Abstract 

We  describe  the  development  of  a  new  instrument  for  the 
detection  of  trace  amounts  of  rare  isotopes,  a  Cyclotron  Mass 
Spectrometer  (CMS)  A  compact  low  energy  cyclotron 
optimized  for  high  mass  resolution  has  been  designed  and  is 
under  construction.  The  instrument  has  high  sensitivity  and  is 
designed  to  measure  carbon- 14  at  abundances  of  <  10”  ^  a 
novel  feature  of  the  instrument  is  the  use  of  permanent 
magnets  to  excite  the  iron  poles  of  the  cyclotron,  giving  a  field 
uniformity  on  the  order  of  1  part  in  104.  The  instrument  uses 
axial  injection,  employing  a  spiral  inflector.  The  instrument  is 
nearing  completion,  with  most  major  components  completed. 

I.  INTRODUCTION 

Measuring  the  abundance  of  trace  isotopic  constituents 
has  applications  in  many  fields,  such  as  archaeology, 
biomedicine,  geology  and  geochemistry,  and  environmental 
research.  In  general,  these  applications  require  a  very  high 
sensitivity  and  selectivity.  The  combination  of  the  samples 
being  very  dilute  in  the  isotope  desired  (<10"*  0)  and 
containing  other  atoms  and  molecules  with  almost  the  same 
atomic  or  molecular  weight  makes  essential  a  detection 
scheme  with  high  sensitivity  and  specificity  (or  resolution.) 

One  method  of  high-sensitivity  detection  is  Accelerator 
Mass  Spectrometry  (AMS).  In  this  technique,  the  sample  of 
interest  is  ionized,  and  a  charged-particle  accelerator  is  used 
to  detect  single  atoms  of  the  isotope  of  interest  The  first  use 
of  an  accelerator  as  a  mass  analyzer  was  made  in  1939  by 
Alvarez,  who  measured  ^  He  at  natural  abundance  using  a 
cyclotron.  (I]  The  “modem”  era  of  AMS  began  in  1977, 
when  Muller  proposed  using  a  cyclotron  for  carbon  and 
beryllium  measurements  [2,3],  and  the  groups  at  the  Univ.  of 
Rochester,  and  McMaster  Univ.  demonstrated  detection 
with  tandem  accelerators.  [4,5]  AMS  has  developed  into  a 
powerful  tool  for  the  detection  of  trace  quantities  of  rare 
isotopes.  Virtually  all  AMS  is  now  performed  on  large  tandem 
accelerators.  Analysis  of  isotopes  that  are  present  in  samples 
at  a  level  of  1  part  in  10^  has  been  achieved. 

Recently,  the  original  idea  of  using  a  cyclotron  as  the 
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accelerator  has  been  revived,  with  the  new  wrinkle  that  the 
cyclotron  be  small  and  that  the  accelerating  voltages  be 
modest.  In  this  incarnation,  the  technique  has  been  dubbed 
Cyclotron  Mass  Spectrometry  (CMS.)  Here,  the  large  tandem 
accelerator  is  replaced  by  a  compact,  low-energy  cyclotron. 
Previous  work  at  Lawrence  Berkeley  Laboratory  (LBL) 
demonstrated  the  principle  of  these  devices  and  showed  that 
CMS  can  have  much  higher  sensitvity  than  the  scintillation 
methods  used  routinely  in  biomedical  research  for  I^C.  [6,7] 
As  a  result,  several  small  cyclotron  mass  spectrometers  are 
now  under  development  around  the  world.  [8,9] 

This  paper  describes  the  program  now  underway  at  LBL 
to  improve  the  performance  and  operating  characteristics  of 
CMS.  The  design  is  discussed  and  the  status  of  the 
construction  of  the  CMS  is  given. 

n.  CMS  DESIGN 

A.  System  Considerations 

The  overall  size  of  the  machine  is  dictated  by  the  species 
to  be  measured,  the  injection  energy  of  the  ion,  and  the  mass 
resolution  needed.  For  14C,  a  mass  resolution  of  about  1800 
is  needed  to  separate  14C  from  The  resolution  of  a 

CMS  is  described  by  [7] 

R  =  3  x  n  x  H,  (1) 

where  n  is  the  number  of  orbits  the  particles  make  before 
extraction  and  H  is  the  harmonic  of  the  fundamental  cyclotron 
frequency  that  the  accelerating  RF  is  operating  on.  For  14C  in 
a  1  T  field,  the  fundamental  frequency  is  1  MHz.  H  might  be 
15,  so  that  the  minimum  number  of  orbits  would  be  40.  With 
modest  energy  gain  per  turn,  <500  V,  it  is  possible  to  achieve 
this  figure  with  an  extraction  radius  of  <  9  cm.  We  have 
conservatively  designed  the  instrument  for  an  extraction 
radius  of  12  cm,  corresponding  to  an  energy  of  50  keV. 

Figure  1  shows  a  schematic  diagram  of  the  LBL  CMS 
system.  To  improve  the  performance  over  existing  devices, 
changes  are  being  made  in  the  ion  source  and  the  injection 
system.  This  will  lead  to  enhanced  sensitivity  and  increased 
sample  throughput.  In  order  to  reduce  the  size,  weight,  and 
complexity  of  the  system,  the  magnetic  field  of  the  cyclotron 
will  be  produced  by  permanent  magnets  rather  than 
electromagnets.  These  improvements  are  described  below. 

B.  Ion  Source  and  Injection  System 

The  ion  source  typically  used  in  AMS  is  a  cesium  sputter 
ion  source.  However,  at  LBL,  substantial  experience  has  been 
obtained  in  developing  negative  ion  sources  for  fusion  and  ion 
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Fig  1  Schematic  diagram  of  the  cyclotron  mass  spectrometer 


implantation  applications  using  magnetic  multicusp 
sources.!  10]  In  these  devices,  negative  ions  from  gas  phase 
precursors  are  formed  directly  in  the  discharge  plasma. 
Recent  experiments  have  shown  that  C~  can  be  formed  in 
these  sources  as  well.  Further  research  is  underway  to 
optimize  this  type  of  source  for  C"  production.  If  successful, 
it  will  provide  a  simple  to  operate,  high  throughput  source  of 
negative  ions  without  the  need  for  the  graphitization  process 
used  with  sputter  ion  sources. 

After  production,  the  ions  are  transported  to  the 
cyclotron,  where  they  are  injected  axially.  Axial  injection,  in 
general,  is  very  efficient  in  delivering  the  ions  into  the 
cyclotron  midplane.  We  have  designed  a  spiral  inflector,  an 
electrostatic  channel  which  twists  or  “tilts”  as  it  guides  the 
ions  down  the  axis  of  the  machine  and  into  the  midplane. 
Figure  2  depicts  the  complicated  shape  of  the  inflector, 
showing  the  inner  surfaces  of  the  electrodes.  The  inflector 
shape  has  been  optimized  so  that  the  emittance  of  the  ion 
beam  coming  out  of  the  inflector  matches  the  acceptance  of 
the  cyclotron.  This  was  accomplished  using  an  ion 
trajectory  program  which 


takes  into  consideration  the  spatial  variation  of  the  magnetic 
fields  in  the  cyclotron  for  the  inflector  design  and  a  second 
trajectory  program  which  calculates  the  cyclotron  midplane 
trajectories,  including  electrostatic  focusing  effects. 

C.  Magnet  Design 

A  novel  aspect  of  the  cyclotron  design  is  the  use  of 
permanent  magnets  to  produce  the  magnetic  field.  This  has 
two  advantages.  First,  the  overall  size  and  weight  of  the 
magnet  structure  are  reduced,  as  the  magnet  coils  and  power 
supplies  are  eliminated.  Second,  the  electrical  power  and 
cooling  requirements  of  the  instrument  are  minimized.  With 
permanent  magnets,  the  CMS  will  be  transportable  and  could 
be  placed  aboard  aircraft,  small  boats,  or  in  field  locations. 
Their  use  will  also  reduce  operational  costs.  The  magnetic 
field  in  the  midplane  is  1  T.  For  high  mass  resolution,  the 
orbits  need  to  be  isochronous;  a  flat  magnetic  field  uniform  to 
about  2  parts  in  10**  must  therefore  be  maintained. 

These  parameters  can  be  obtained  by  using  permanent 
magnet  material  to  energize  soft  iron  poles  pieces.  This  is 
shown  schematically  in  Fig.  3.  Magnet  material,  such  as 
samarium  cobalt,  is  placed  in  contact  with  the  iron  pole 
pieces.  The  iron  concentrates  and  directs  the  magnetic  flux  to 


Figure  2  Spiral  inflector  used  for  axial  injection 
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the  pole  faces.  For  one  pole,  the  magnets  are  oriented  so  that 
the  magnetization  vector  points  toward  the  pole  face.  For  the 
other  pole  piece,  the  magnets  are  oriented  so  that  the 
magnetization  points  away  from  the  pole  face.  A  magnetic 
flux  return  ('yoke')  connects  the  magnets  to  complete  the 
circuit.  The  midplane  of  the  accelerator  is  placed  between 
these  poles.  As  shown  in  Fig.  4,  calculations  of  the  magnetic 
field  using  the  computer  program  POISSON  indicate  tLat  the 
field  should  be  uniform  to  approximately  +/-  2  parts  in  104 
throughout  the  acceleration  region,  and  +/-  1  part  for  the 
majority  of  the  trajectory. 

ID.  PROJECT  STATUS 

The  advanced  CMS  is  being  designed  and  optimized  for 
use  with  14C.  Some  of  the  operating  characteristics  are 
shown  in  Table  1. 

With  one  exception,  all  major  subassemblies  of  the  CMS 
have  been  fabricated,  including  the  poles,  yokes,  pole  spacer 
ring,  and  ion  extraction  channel.  The  exception,  the  spiral 
inflector,  has  been  designed  and  is  presently  being  fabricated. 
The  CMS  should  be  assembled  by  the  fall  of  1993,  with 
demonstration  of  *4C  detection  to  follow. 


Ptuameter 

Description 

Ion  source 
Species 
Injector  type 
Injection  energy 
First  orbit  radius 
Extraction  radius 
Extraction  energy 
Pole  face  radius 
Pole  gap 
Magnetic  Field 
Field  Source 

Magnetic  multicusp 
Carbon  14 
Spiral  inflector 

5  keV 

4  cm 

12  cm 
<  50  keV 

15  cm 

1.6  cm 

IT 

SmCo  Magnets 

Table  1  Cyclotron  design  Parameters 
IV.  CONCLUSIONS 

Cyclotron  mass  spectrometry  (CMS)  is  a  potentially 
powerful  analytical  technique  with  applications  ranging  from 
studies  of  global  warming  constituents  to  the  biological 
metabolism  of  pollutants  and  pathogens.  A  development 
program  is  now  underway  which  will  increase  the  sensitivity 
and  improve  operational  characteristics,  such  as 
transportability  and  sample  preparation,  while  at  the  same 
time  reducing  the  cost  of  the  instrument  and  its  operation. 
These  improvements  will  make  CMS  more  widely  available 
for  routine  analysis  of  trace  materials. 
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Figure  4  Fractional  variation  in  the  magnetic  field  from  its 
mean  value. 
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Abstract 

Over  the  past  ten  years,  several  models  of  H~/D“ 
compact  cyclotrons  using  internal  source  have  been  con¬ 
structed  and  put  into  routine  operation.  This  paper  re¬ 
ports  the  performance  of  some  of  these  machines.  Detail 
description  on  individual  cyclotron  is  omitted  in  order  to 
give  space  for  discussion  on  the  design  guideline  and  the 
criteria  which  warrant  the  high  beam  currents  capability. 
It  has  been  found  that  the  design  of  the  ion  source  and 
the  central  region  (beam  centering,  axial  focusing  strength, 
puller  voltage  and  RF  phase  acceptance,  etc.)  together 
with  the  design  of  the  vacuum  system  determine  the  ini¬ 
tial  beam  current  capability.  Subsequently,  the  magnet 
phase  profile  (energy  gain  per  turn),  magnet  optics  quality 
and  the  vacuum  characteristics  dictate  the  beam  survival 
before  extraction.  Finally,  the  required  beam  quality  after 
charge  exchange  in  turn  influences  the  design  of  the  mag¬ 
net  structure.  A  thorough  understanding  on  these  coupled 
relationships  between  critical  parameters  is  essential  for 
the  successful  design  of  this  type  of  cyclotron. 

I.  INTRODUCTION 

Compact  H~  /D~  cyclotrons  in  the  10-40  MeV  range  are 
widely  used  today  for  commercial  isotope  production  and 
for  PET  scanning  system  in  hospitals.  Two  types  of  these 
cyclotrons  co-exist,  namely,  those  that  use  an  H"/D“  cusp 
source  with  external  injection  and  those  that  use  an  inter¬ 
nal  H“/D“  source.  At  TRIUMF,  both  types  are  in  op¬ 
eration  at  their  peak  performance,  about  450  p A  for  the 
former  and  240  pA  for  the  latter.  The  H-/D~  cyclotron 
using  an  internal  source  suffers  from  higher  gas  pressure 
thus  higher  stripping  loss.  The  limited  output  from  the 
internal  source  and  the  lower  dee  voltage  used  confine  the 
beam  current  capability  to  about  one-half  of  that  obtain¬ 
able  from  an  external  source  system.  However,  these  com¬ 
pact  cyclotrons  do  find  their  usefulness  in  many  medical 
facilities  needing  only  50-200  pA  external  beam  currents. 
The  compact  internal  source  technology  has  been  trans¬ 
ferred  through  the  authors  of  this  report  to  several  cy¬ 
clotron  manufacturers  and  about  30  H“  or  H“/D~  cy¬ 
clotrons  using  such  source  are  in  service  today  worldwise. 


These  models  are:  CP-42  series  including  H“/D~  CP-45, 
11  MeV  H"  RDS,  10  MeV  H“/5  MeV  D~  Cyclone  10/5, 
18  MeV  H“/9  MeV  D“  Cyclone  18/9  and  the  16.5/8.5 
H“/D“  cyclotron.  Detail  description  of  these  cyclotrons 
has  been  reported  elsewhere. 


II.  PERFORMANCE 

External  Beam  from  Sample  H~/  D' 
Cyclotrons 


Facility 

Baam  Enargy 
{MeV) 

Target  Curr. 
(pA) 

Max. Ext.  Curr. 
(fiA) 

TRIUMF  CP-42 

42  H" 

200 

240 

30  H‘ 

240 

300 

M.D.  Andarson 

CP-42 

42  M" 

100 

200 

Amaraham  CP-42 

42  H’ 

200 

240 

30  M" 

200 

300 

UCLA  CP-45 

45  H“ 

100 

150 

23  O’ 

50  P 

CYCLONE  10/6 

11  N* 

50 

00 

5  5  or 

40 

80 

CYCLONE  18/ • 

16  M" 

Q 

O 

a 

(250)* 

•  Or 

50° 

080)' 

P  Projactad 

a  at  r  a  10  cm 

The  external  beam  current  available  with  various  models 
are  summarized  in  the  table  above.  For  CP-42  series  200 
p A  can  be  achieved  throughout.  Up  to  300  p A  has  been 
obtained  at  30  MeV  at  Amersham  and  at  TRIUMF  Ap¬ 
plied  Program  facilities.  Fig.  1  shows  a  section  of  record¬ 
ing  of  such  event.  Fig.  2  shows  the  recording  of  the  en¬ 
durance  test  for  a  CP-42,  performed  at  Berkeley  TCC  for 
100  hours  uninterrupted  extraction  of  200  p A  at  about  38 
MeV.  Three  attempts  were  made  resulting  a  total  of  300 
hours  of  running  such  high  beam  power.  Except  for  initial 
tuning  at  the  begining  of  the  test,  the  entire  operation  was 
uneventful.  As  can  be  seen  from  Fig.  2  that  the  arc  current 


0-7803- 1 203- 1/93S03.00  ©  1993  IEEE 


1730 


and  vacuum  were  unchanged  for  the  entire  test.  The  RF 
amplifier  was  finetuned  by  operator  about  once  per  hour. 
Typical  crowbar  rate  was  about  2  per  hour.  As  for  the 
Cyclone  10/5  ,  the  routine  beam  requirement  is  only  50 
ftA.  The  maximum  achievable  amounts  to  about  twice  as 
high,  so  the  routine  requirements  are  easily  met. 


Eitriclut  *1  300  pA  i!  30  MiV 
AWRSHAJI  CM2 


Fig.  1.  Record  showir.g  the  extraction  of  300  at  30  MeV 
from  the  Amersham  CP-42. 


100  Hwr  Tsai.  ZOOM  al  M  M*V 


Fig.  2.  Time  dependence  of  cyclotron  parameters  over  a 
period  of  100  hours  during  high  current  extraction. 

III.  PHASE  WIDTH  and  MAGNETIC  FIELD 

Since  the  extraction  efficiency  is  always  100%,  the  em¬ 
phasis  of  H"  cyclotron  design  is  actually  on  the  internal 
beam  capability.  As  we  shall  point  out  later,  within  the 
present  internal  source  technology  the  H“/D~  ion  density 
per  unit  RF  phase  is  low  in  comparison  with  the  corre¬ 
sponding  proton  beam.  Ehlers  [1]  stated  that  the  H~  ion 
density  is  emission  limited,  and  that  the  intensity  remains 
constant  above  8  kV  DC.  This  means  that  for  cyclotron 
RF  extraction  the  H“  beam  current  will  be  linearly  pro¬ 
portional  to  the  phase  width  achievable.  One  faces  the 


problem  of  how  to  optimize  the  phase  width  for  the  initial 
acceleration  and  how  to  maintain  it  until  extraction. 

For  the  first  requirement,  several  contributing  tech¬ 
niques  can  be  utilized: 

-Make  the  threshold  dee  voltage  lower  but  operate  the  cy¬ 
clotron  at  higher  voltage  if  possible.  Beam  centering  must 
be  optimized. 

-Minimize  axial  phase  selection  by  using  phase  lagging  and 
a  proper  cone  field. 

-Optimize  the  axial  opening  in  the  central  region  and  make 
use  of  optimal  electric  focusing. 

-Precision  alignment  of  dee  structure  and  ion  source  with 
respect  to  the  magnet  median  plane.  Also  precision  align¬ 
ment  of  magnetic  field  symmetry  about  the  geometrical 
mid-plane. 

As  for  the  second  requirement,  a  very  flat  phase  pro¬ 
file  corresponding  to  a  conservative  energy  gain  per  turn 
should  be  obtained.  The  designed  or  actually  attainable 
energy  gain  per  turn  should  be  higher  than  the  value  used 
for  the  profile  calculations.  In  addition,  the  best  achiev¬ 
able  vacuum  should  be  provided.  Fig.  3  shows  the  phase 
history  in  sin<£  for  three  CP-42  cyclotrons. 


Fig.  3.  Comparison  of  phase  profiles  in  sin^  between  3  CP-42 
cyclotrons. 

As  can  be  seen  in  Fig.  3  that  the  magnet  of  Amersham 
CP-42  has  the  best  field  among  these  three  whereas  the  one 
of  M.D.  Anderson  the  worst.  Test  records  showed  that  ex¬ 
traction  of  200  fiA  at  42  MeV  was  relatively  easy  with  the 
Amersham  CP-42.  No  phase  loss  was  observed  when  the 
matching  RF  frequency  was  found  and  used.  In  contrast, 
the  same  extraction  test  at  MDAH  was  quite  difficult.  Al¬ 
though  the  extracted  beam  currents  met  the  specification, 
the  dee  voltage  and  arc  current  required  were  much  higher 
than  those  used  for  other  CP-42s.  Due  to  some  difficulty 
in  the  dee  supporting  insulators,  users  of  these  cyclotrons 
reduce  the  dee  voltage  subtantially  making  the  energy  gain 
per  turn  down  to  about  70-80  kV.  The  actual  phase  profiles 
will  be  much  inferior  to  those  shown  in  Fig.  3. 

The  charateristics  of  a  resonance  curve,  I(beam)  vs. 
I(mag),  has  been  exploited  to  measure  the  phase  width 
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at  low  energy.  An  example  is  shown  in  Fig.  4(a).  The 
flat  top  region  of  the  bell  shape  curve  (solid)  corresponds 
to  the  excursion  of  sin^  of  the  beam  bunch  within  the  ±1 
boundary,  while  the  fall-off  slope  represents  the  excursion 
out  of  the  boundary.  Since  the  total  Asin^  is  equal  to  2, 
wider  the  width  of  the  fall-off  narrower  the  flat  top.  The 
Asin^  the  beam  occupies  is  larger.  Furthermore,  since 
Asin0  is  invariant  for  an  ideal  phase  profile,  the  ratio  of 
fall-off  width  to  flat  top  width  should  be  the  same  for  all 
radii. 


M.M.  Cuff.  I  A) 


(  b  )  41  Hay 


Fig.  4.  Use  of  resonance  curves  for  (a)  central  region  and  (b) 
phase  profile  optimization. 

The  quality  of  the  resonance  curve  reflects  the  quality 
of  the  axial  focusing  at  the  initial  stage  of  acceleration. 
A  sloped  top  (dashed)  indicates  that  axial  loss  occurs  as 
the  beam  getting  more  phase  advanced  and  being  axially 
selected.  The  near  ideal  curve  was  obtained  after  vari¬ 
ous  efforts  to  improve  the  axial  focusing  strength  has  been 
made  following  the  guideline  described  earlier.  The  width 
of  Asin^  occupied  by  the  beam  was  also  optimized  to  about 
one.  The  inferred  phase  width  was  about  60°. 

A  family  of  resonance  curves  at  various  radii  can  be  plot¬ 
ted  against  a  fixed  RF  frequency  as  shown  in  Fig.  4(b). 
This  plot  can  be  used  to  identify  the  extend  of  phase  loss, 
gas  stripping  loss  and  axial  loss.  A  number  of  these  plots 
against  a  banwidth  of  RF  frequencies  using  an  optimal  dee 
voltage  should  be  obtained  in  order  to  select  an  operating 
frequency  which  gives  the  best  phase  profile  available. 

IV.  ION  SOURCE  and  CENTRAL  REGION 

The  performance  of  the  internal  H"/D~  source  has  been 
reported  at  the  1992  cyclotron  conference.  The  optimum 
ion  output  and  gas  efficiency  have  been  obtained  by  source 


parameter  optimization  coupled  with  the  central  region  op¬ 
timization  described  in  the  last  section.  The  coupled  rela¬ 
tionship  between  the  source  and  the  central  region  is  also 
greatly  improved.  For  example,  four  dimensional  position 
adjustments  optimize  the  initial  orbit,  the  ion  transit  time 
from  the  source  slit  to  the  puller.  This  feature  can  also 
reduce  the  space-charge  effect,  minimize  the  initial  verti¬ 
cal  oscillation  amplitude.  The  surface  betweem  the  source 
and  puller  was  shaped  to  provide  axial  electric  focusing 
for  the  low  energy  ions  during  the  first  crossing.  The  care¬ 
ful  surface  treatment  allowed  a  higher  RF  field  between 
the  gap  without  excessive  flashovers.  The  sum  of  all  these 
efforts  provided  us  the  beam  capability  of  600  /xA  H~  at 
r=15  cm  (3.5  MeV).  Routinely  available  beam  currents  has 
been  about  450-500  /iA  with  a  lower  dee  voltage  at  a  less 
than  ideal  condition. 

V.  SUMMARY 

The  capability  of  extracting  200-300  fx A  of  proton  beam 
from  a  compact  H~/D“  cyclotron  has  been  demonstrated. 
However,  the  highest  potential  for  D~  beam  was  not  ex¬ 
plored  except  at  low  radius.  The  routinely  available  D~ 
currents  at  present  is  50-100  fx A  from  a  somewhat  com¬ 
promised  system.  Due  to  limited  space  for  writing,  the 
importance  of  gas  loading,  cyclotron  tank  pressure  and  gas 
stripping  loss  were  not  discussed  here.  Reducing  the  gas 
loading  into  the  acceleration  chamber  remains  the  great¬ 
est  challenge  for  the  internal  H~/D"  source  designers,  but 
it  also  possesses  the  highest  potential  for  improvement. 
In  summary,  the  reported  results  were  obtained  with  cy¬ 
clotrons  lacking  either  magnet  profile  perfection,  or  op¬ 
timal  dee  voltage  capability.  It  is  possible  that  450-500 
fxA  of  H“  can  be  accelerated  to  higher  energy,  say  30-40 
MeV,  with  an  internal  source  cyclotron  if  all  deficiencies 
are  removed,  as  this  has  been  done  in  the  case  of  external 
H~/D~  source  cyclotrons. 
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Abstract 

The  30  MeV  TR30  cyclotron  installed  for  Nordion  has 
been  in  operation  for  two  years.  The  use  of  industrial  pro¬ 
cess  controllers,  the  external  H-  ion  source  and  cryogenic 
pumping  has  made  this  machine  easy  to  operate  and  reli¬ 
able  with  extracted  beams  of  500  /<A.  The  strong  focussing 
properties  of  the  magnet  and  low  internal  beam  losses  have 
reduced  residual  radiation  fields  so  that  there  is  negligible 
exposure  to  the  operators  during  machine  servicing.  The 
main  characteristics  and  features  of  the  machine  leading  to 
a  98%  accelerator  availability  are  discussed  in  this  paper. 
As  well  as  this  the  extensions  to  the  cyclotron  allowing  the 
acceleration  of  deuterons  to  15  MeV  are  outlined. 

I.  INTRODUCTION 

The  TR30  cyclotron  was  designed  to  be  an  accelerator 
for  the  commercial  production  of  isotopes  and  as  such  to 
be  a  highly  reliable,  low  maintenance,  automatically  oper¬ 
ated,  and  low  residual  activity  system  [1]. 

The  basic  design  is  for  a  compact  magnet  system  with 
strong  focussing  of  the  particles  to  avoid  losses  during  the 
acceleration  process  and  using  negative  ions  to  give  almost 
100%  extraction  efficiency  of  the  beam.  The  losses  in  the 
cyclotron  are  further  minimized  by  the  use  of  cryopumps 
to  produce  the  vacuum  in  both  the  injection  system  and  in 
the  cyclotron  itself.  This  reduces  the  losses  due  to  strip¬ 
ping  of  the  negative  ions  in  the  vacuum  tank  by  eliminat¬ 
ing  residual  contamination  due  to  the  presence  of  heavy 
molecules  from  the  backstreaming  of  oil  from  the  diffusion 
pumps. 

The  need  to  vent  the  cyclotron  during  servicing  is  obvi¬ 
ated  by  the  use  of  valves  on  both  the  ion  source  injection 
line  and  the  stripper  foil  carriage  mechanism  so  that  rou¬ 
tine  maintenance  can  be  carried  out  while  maintaining  a 
good  vacuum  in  the  tank.  The  life  of  the  cryopumps  is  ex¬ 
tended  by  this  process  and  the  “hard”  vacuum  established 
in  the  tank  simplifies  the  operation  of  the  rf  system  as  well 
as  improving  the  beam  transmission. 

II.  OPERATION 

Values  extracted  from  a  computer  log  record  of  the  op¬ 
erating  values  of  the  various  components  of  the  system, 
while  delivering  two  simultaneous  beams  down  two  exter¬ 
nal  beam  lines,  are  assembled  in  Table  1. 

These  values  are  taken  from  the  hard  copy  output  of 
the  control  system  [2]  which  also  continuously  monitors 
and  displays  the  input  and  output  parameters  of  all  of  the 
system  components  on  the  color  graphic  display  screens 


as  well  as  alpha  numeric  output.  System  set  points  can 
be  altered  by  using  a  mouse  pointer  or  by  typing  in  new 
values  by  means  of  the  computer  keyboard.  The  control 
software  is  highly  flexible  and  permits  the  operators  to 
define  macros  which  have  greatly  aided  in  the  “turn  on” 
and  tuning  procedures  as  well  as  in  maintaining  system 
stability. 


Table  1  System  parameters  during  dual  beam  operation. 


RF  power 

35  kW 

Main  magnet  power 

33  kW 

Beam  current  (29  MeV) 

2  x  220  /i  A 

Extracted  current 

500  /iA 

Target  collimator  current 

25  jiA 

Ion  source  arc  current 

15-20  A 

Ion  source  arc  power 

~2  kW 

Tank  vacuum 

3  x  10~7  torr 

Total  TR30  Facility  (inc.  processing 
areas  and  bldg,  services)  Power  con¬ 
sumption 

175  kW 

The  target  system  has  been  developed  by  NORDION  to 
permit  the  operation  of  the  system  automatically  by  the 
use  of  the  control  computer  and  uses  the  same  industrial 
control  hardware  and  software  that  is  used  to  control  the 
cyclotron.  Isotopes  are  transferred  from  the  position  of  the 
irradiation  to  the  processing  hot  cells  by  the  use  of  a  pneu¬ 
matic  transfer  system  [3].  The  system  has  been  developed 
over  the  course  of  the  last  10  years  of  isotope  production 
by  NORDION  and  the  performance  of  the  system  is  shown 
in  Fig.  1  where  the  production  as  a  function  of  time  from 
the  commissioning  of  the  TR30  cyclotron  is  displayed. 

The  servicing  of  the  cyclotron  is  carried  out  in  two  dif¬ 
ferent  procedures.  The  first  is  the  regular  maintenance  in 


TB30  Beam-on -Target 

(ntagrafad  Current 


Quart  erty  Partod 

Fig.  1.  Beam  delivery  by  quarter. 
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which  the  tank  is  not  vented  and  involves  the  ion  source 
filament  and  the  stripping  foil  carousel.  The  ion  source 
filament  is  normally  replaced  once  every  3  weeks.  The  du¬ 
ration  of  the  operation  is  about  4  hours.  The  performance 
of  the  ion  source  is  logged  by  the  control  system  and  the 
state  of  the  filament  is  determined  by  the  filament  power 
required  to  produce  a  given  output  current  from  the  sys¬ 
tem.  The  life  of  the  stripping  foil  is  between  20  and  50 
mA  hours  of  extracted  beam.  The  multifoil  cartridge  is 
changed  during  a  filament  replacement  when  it  is  deemed 
necessary  to  have  a  spare  foil  ready  for  operation. 

The  second  procedure  is  the  regular  yearly  preventative 
maintenance  in  which  the  tank  is  vented  and  the  state  of 
the  inflector  and  the  injection  optic  elements  are  inspected 
as  well  as  other  parts  of  the  system  which  are  impacted 
by  the  beam.  The  dc  beam  injected  during  the  operation 
of  the  system  at  high  current  is  5-6  mA  and  erosion  of 
the  lenses  occurs  under  the  high  current  conditions.  This 
service  normally  requires  one  8  hour  shift.  If  it  is  deemed 
necessary  the  cryopumps  are  regenerated  during  this  ser¬ 
vice  period. 

A  graph  of  the  availability  of  the  cyclotron  and  of  the 
various  system  failures  is  given  in  Fig.  2.  It  can  be  seen 
that  the  main  problems  associated  with  the  system  failures 
are  associated  with  the  high  power  targets  that  are  being 
irradiated.  As  development  of  the  targets  continues  the 
total  availability  of  the  system  is  expected  to  increase.  A 
comparison  of  the  radiation  exposure  of  the  operators  per 
unit  of  charge  delivered  to  the  targets  between  the  CP42 
and  TR30  operated  by  the  same  team  is  given  in  Fig.  3. 
The  dramatic  reduction  is  due  to  the  decrease  in  beam 


Fig.  2.  TR30  operation  system  availability  for  1993. 


Yeor 

Fig.  3.  Radiation  levels  in  CP42  (solid  line)  and  TR30 
(dashed  line). 


losses  in  the  cyclotron  with  the  external  ion  source  and  the 
clean  vacuum  in  the  tank. 

III.  DEUTERON  OPERATION 

To  permit  the  operation  of  the  cyclotron  for  the  accelera¬ 
tion  of  deuterons,  trim  coils  were  added  in  the  valleys  of  the 
magnet  Fig.  4.  The  tuning  stems  on  the  resonators  were 
extended  by  the  use  of  a  coaxial  switch  [4]  to  allow  the  rf 
system  to  be  tuned  to  the  4th  harmonic  of  the  rotation  fre¬ 
quency  of  the  deuterons.  By  accelerating  both  the  protons 
and  the  deuterons  in  the  4th  harmonic  mode  the  tuning  of 
the  cyclotron  for  protons  and  deuterons  is  greatly  simpli¬ 
fied.  The  magnet  is  shimmed  for  protons  and  isochronizing 
coils  are  only  used  during  the  deuteron  operation.  The  rf 
voltage  on  the  resonators  is  reduced  by  a  factor  of  two  so 
that  the  deuterons  follow  exactly  the  same  orbits  in  the 
cyclotron  as  the  protons  but  at  1/2  of  the  energy.  The 
energy  of  the  injected  beam  is  also  reduced  to  1  /2  of  the 
proton  energy.  The  maximum  extracted  deuteron  beam 
current  can  be  as  much  as  70%  of  the  proton  current  using 
a  common  ion  source.  This  cyclotron  can  be  used  as  an 
extremely  prolific  source  of  neutrons  for  industrial  neutron 
radiography  as  well  sis  a  deuteron  accelerator  for  isotope 
production. 


Fig.  4.  Trim  coils  for  deuteron  operation. 
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Abstract —  The  experimental  program  at  CRYRING 
storage  ring  began  shortly  after  the  installation  of  the 
electron  cooler  in  May  1992.  The  performance  of  the  ion 
sources  and  the  ring  is  reported.  Results  of  electron  cool¬ 
ing  are  reviewed  and  a  method  to  improve  the  efficiency  of 
electron  cooling  is  presented. 

I.  Introduction 

CRYRING  is  a  low-energy  synchrotron  and  storage  ring 
equipped  with  electron  cooling  [1].  The  ring  receives  light 
atomic  and  molecular  ions  from  a  plasmatron  ion  source 
(MINIS)  or  highly  charged,  heavy  ions  from  an  electron- 
beam  ion  source  (CRYSIS).  The  ring  has  been  running  for 
experiments  using  light  ions  such  as  D+,  Hj ,  and  3HeH+, 
but  also  Ar13+  has  been  accelerated  and  cooled.  The  EBIS 
source  is  regularly  delivering  beams  for  low-energy  atomic- 
physics  experiments  using  gas  injection.  It  has  also  pro¬ 
duced  highly  charged  argon  and  xenon  ions  using  injec¬ 
tion  of  singly  charged  ions  from  an  external  ion  source 
(INIS).  Electron  cooling  has  been  applied  both  to  atomic 
and  molecular  ions  at  energies  between  290  keV /u  (the  in¬ 
jection  energy  in  CRYRING)  and  10.9  MeV/u  [2].  By  mea¬ 
suring  the  longitudinal  drag  force  on  the  ions,  the  electron 
temperature  has  been  determined  to  0.1  eV  transversally 
and  around  10-4  eV  or  less  longitudinally.  We  expect  to 
reduce  the  transverse  temperature  a  factor  of  10  by  using 
a  magnetic  field  that  is  10  times  higher  in  the  gun  solenoid 
than  in  the  rest  of  the  electron  cooler. 

II.  Ion  sources 

CRYSIS  [3]  has  been  running  mainly  with  argon  and 
xenon  ions  using  gas  injection.  Ar  has  been  produced 
in  all  charge  states  and  Xe  in  charge  states  up  to  49+ . 
Atomic-physics  experiments  have  used  Xe  ions  in  charge 
states  up  44+.  Typical  electron  currents  are  between  150 
and  300  raA  and  confinement  times  reach  up  to  5  s  for  the 
highest  charge  states.  The  ion  source  has  also  been  used 
with  ion  injection.  Injection  of  ions  from  an  external  ion 
source  has  several  advantages  compared  to  gas  injection. 
The  most  important  one  is  that  the  interior  of  the  EBIS 
can  be  kept  cleaner  since  no  gas  is  adsorbed  on  the  cold 
surfaces  of  its  interior.  This  makes  it  easier  to  switch  be¬ 
tween  different  ions,  also  metallic  ions  can  be  used  with 


a  suitable  ion  source.  Unlike  the  gas,  the  ion  current  can 
easily  be  switched  on  and  off,  so  that  ions  can  be  injected 
only  for  a  very  short  time  during  the  beginning  of  each 
ionization  cycle.  This  results  in  a  narrower  charge-state 
spectrum.  The  ion  injector  is  built  as  an  isotope  separa¬ 
tor,  which  means  that  heavy  elements,  such  as  xenon,  no 
longer  have  to  be  isotopically  pure  in  order  to  allow  sepa¬ 
ration  between  the  high  charge  states.  One  can  summarize 
the  experience  from  using  ion  injection  by  saying  that  the 
output  of  CRYSIS  is  at  least  as  good  (concerning  intensity 
and  charge  states)  a s  with  gas  injection,  while  operation  is 
considerably  simpler. 

The  plasmatron  ion  source,  MINIS,  has  recently  been 
upgraded  in  order  to  improve  the  vacuum  in  the  injection 
line.  It  has  also  been  provided  with  an  analyzing  magnet. 

III.  Ring 

Since  the  installation  of  the  electron  cooler  in  May  1992, 
all  major  components  of  the  ring  are  in  operation.  The 
layout  of  the  facility  is  shown  in  figure  1.  The  RFQ  and 
the  electrostatic  injection  system  were  designed  for  ions 
with  charge- to- mass  ratios  above  0.25.  The  range  between 
0.25  and  0.5  has  been  covered  by  ions  such  as  D+,  Hj, 
3He+,  Hj ,  Ar13+,  Dt ,  and  3HeH+.  All  these  ions  have 
also  been  accelerated  to  full  energy,  96 (q/A)2  MeV/u,  and 
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cooled.  The  number  of  ions  stored  at  full  energy  is  typically 
between  a  few  times  107  and  108.  For  some  cases,  where 
the  ion-source  output  is  high,  up  to  2  x  109  ions  have  been 
stored.  Four  of  the  twelve  straight  sections  in  the  ring 
have  been  baked  to  250°C,  and  there  the  pressure  is  below 
1  x  10~n  mbar  (the  lower  limit  of  the  vacuum  gauges  used 
at  present).  In  the  other  straight  sections  the  pressure  is 
1  —  3xl0~n  mbar.  Most  of  the  pumping  speed  is  provided 
by  NEG  (Non-Evaporable  Getter)  pumps,  and,  to  a  lesser 
degree,  by  ion  pumps  [4].  Rest-gas  analysis  shows  that  the 
partial  pressure  of  gases  heavier  than  H2,  mainly  CH4  and 
H2O,  constitutes  about  10%  of  the  total  pressure. 

For  ions  with  large  cross  sections  for  electron  loss  in  colli¬ 
sions  against  restgas  molecules,  such  as  the  light  molecules 
or  He+ ,  this  pressure  should  give  life  times  of  around  30  s 
at  the  injection  energy.  Measured  lifetimes  are  in  the  or¬ 
der  of  a  few  seconds,  indicating  that  the  true  pressure  is 
higher  than  the  measured  one  or  that  the  restgas  com¬ 
position  is  different  from  what  has  been  measured.  The 
lifetime  for  Ar13+  is  even  shorter  due  to  the  large  capture 
cross  section  at  the  injection  energy.  Such  lifetimes  makes 
rapid  acceleration  necessary,  in  our  case  the  acceleration 
to  full  energy  is  done  in  about  1  s.  (Although  the  power 
supplies  allow  the  ramping  to  be  done  in  150  ms,  this  fast 
mode  has  not  been  used  yet.)  At  full  energy  the  lifetime 
is  5  —  20  s  for  these  ions.  Bare  ions  have  much  longer 
lifetimes:  for  electron-cooled  D+  ions  at  6  MeV/u,  where 
single-scattering  is  the  dominant  loss  mechanism,  21  h  has 
been  measured. 

IV.  Electron  cooler 

The  electron  cooler  was  assembled  outside  the  ring  dur¬ 
ing  April  of  1992  and  tests  with  the  electron  beam  were 
performed  for  a  few  weeks.  Then  the  cooler  was  inserted 
into  the  ring  and  ->n  the  20  May  the  electron  beam  was 
again  turned  on,  r.id  cooling  of  deuterons  at  5.4  Mev/u 
was  observed.  A  few  weeks  later,  H*  ions  were  cooled  at 
the  same  energy.  The  momentum-cooling  time  is  around 
1  s  for  these  ions  and  an  electron  current  of  150  mA.  The 
transverse  cooling  time  has  not  been  measured,  but  should 
theoretically  be  about  5  s,  roughly  the  same  as  the  lifetime 
of  the  beams.  We  have  generally  used  electron  currents  be¬ 
tween  100  and  150  mA.  Higher  currents  gives  a  tune  shift 
at  injection  energy  that  is  so  high  that  it  has  to  be  com¬ 
pensated  with  the  ring  quadrupoles.  An  alternative,  which 
also  has  been  used,  is  to  turn  off  the  electron  beam  during 
the  injection  and  beginning  of  acceleration. 

The  relative  momentum  spread  of  the  ion  beam  after 
cooling  is  usually  5  —  10  x  10-5  and  occasionally  somewhat 
smaller.  With  Ar13+,  where  the  cooling  is  considerably 
stronger  than  for  the  light  ions,  1.6  x  10-5  was  recorded. 
The  diameter  of  cooled  D+  beams  has  been  measured  with 
a  position-sensitive  channelplate  detector  located  at  the 
zero-degree  extension  after  the  electron  cooler,  which  de¬ 
tects  ions  that  have  been  neutralized  in  the  cooler.  A  beam 
of  107  D+  ions  at  6  MeV/u  created  an  image  on  the  detec¬ 


tor  that  had  a  width  of  0.5  mm  and  a  height  of  0.25  mm 
(FWHM).  Considering  that  the  neutralized  D  beam  had  a 
certain  divergence,  the  size  of  the  stored  beam  should  have 
been  still  somewhat  smaller.  The  image  size  was  sensitive 
to  changes  in  the  angle  between  ion  and  electron  beams 
down  to  a  few  tenths  of  a  milliradian. 


An  interesting  subject  for  study  at  CRYRING  is  elec¬ 
tron  cooling  at  very  low  ion  energies.  The  reason  is  both 
that  electron-cooler  stacking  in  CRYRING  would  have  to 
be  performed  at  290  keV/u  (which  thus  is  the  injection 
energy)  and  that  experiments  have  been  suggested  with 
heavy  molecular  ions  where  the  maximum  energy  per  nu¬ 
cleon  is  very  low.  Using  an  electron  current  of  only  7  mA 
the  goal  to  momentum-cool  at  the  injection  energy  was 
reached  with  a  beam  of  2  x  109  Hj  ions.  This  energy  cor¬ 
responds  to  an  electron  energy  of  170  eV.  The  momentum¬ 
cooling  time  was  3—5  s,  which  was  about  twice  the  lifetime 
of  the  ion  beam.  Schottky  spectra  of  the  cooled  and  un¬ 
cooled  Hj  beam  at  the  20th  harmonic  are  shown  in  figure 
3. 

Through  measurements  of  the  longitudinal  drag  force 
that  the  electrons  exert  on  the  ions,  the  temperature  of  the 
electron  beam  could  be  obtained.  The  drag  force  was  mea¬ 
sured  by  cooling  the  ion  beam,  then  shifting  the  electron 
energy  by  a  small  amount,  and  observing,  using  a  spec¬ 
trum  analyzer,  how  fast  the  ion  velocity  changes  toward 
the  new  electron  velocity.  Such  measurements  were  made 
at  three  different  charge-to-mass  ratios  using  D+.  H3  ,  and 
Dj  .  Since  the  longitudinal  drag  force  depends  both  on 
the  transverse  and  the  longitudinal  electron  temperatures, 
both  these  could  be  estimated.  The  measured  values  fol¬ 
lowed  the  theoretical  curve  for  a  transverse  temperature 
of  0.10  eV,  corresponding  to  the  cathode  temperature  of 
900°C,  and  for  a  longitudinal  temperature  of  the  order 
10-4  eV  or  less.  Measurements  could  not  be  made  at  rel¬ 
ative  velocities  low  enough  to  resolve  longitudinal  temper- 
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atures  lower  than  10-4  eV.  This  longitudinal  temperature 
is  also  consistent  with  measurements  of  the  rate  for  radia¬ 
tive  recombination  of  deuterons  and  electrons.  This  rate 
was  measured  at  very  low  re!  energies  by  sweeping 
the  electron  energy  around  the  cooling  energy  according 
to  a  sawtooth  function  and  was  seen  to  increase  even  at 
energies  below  10-4  eV. 
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Fig.  3  Schottky  spectra  of  cooled  and 
uncooled  Hj at  290  keV/u 


Stronger  cooling  forces,  both  longitudinally  and  trans- 
versally,  would  be  obtained  with  a  colder  electron  beam.  A 
method  for  producing  an  electron  beam  that  has  a  trans¬ 
verse  temperature  which  is  lower  than  the  cathode  tem¬ 
perature  is  to  guide  the  electron  beam  through  a  negative 
magnetic-field  gradient  [5].  Since  the  ratio  between  trans¬ 
verse  energy  and  longitudinal  magnetic  field  for  a  charged 
particle  is  an  adiabatic  invariant  under  changes  of  the  mag¬ 
netic  field  strength,  a  smoothly  decreasing  field  reduces  the 
transverse  temperature  in  proportion  to  the  field  decrease. 
If,  as  an  example,  the  field  in  the  gun  solenoid  is  ten  times 
stronger  than  in  the  rest  of  the  cooler,  the  transverse  elec¬ 
tron  temperature  will  decrease  from  0.1  eV  to  0.01  eV.  The 
transverse  energy  spread  will  be  transferred  to  the  longi¬ 
tudinal  motion.  This  will  not  be  noticeable,  however,  after 
transformation  to  the  moving  system  of  reference — the  lon¬ 
gitudinal  electron  temperature  will  in  general  still  be  dom¬ 
inated  by  the  longitudinal  relaxation  of  the  electron  beam 
(transfer  of  potential  energy  due  to  the  electron-electron 
interaction  to  kinetic  energy). 

The  requirement  that  the  electron  motion  is  adiabatic 
with  respect  to  the  decrease  of  the  field  strength  puts  a 
limit  to  the  electron  energy  for  a  given  field  gradient.  In 
the  case  of  the  CRYRING  cooler,  a  gradient  can  be  ob¬ 
tained  by  having  a  strong  field  in  the  gun  solenoid  and  a 
weaker  field  in  the  rest  of  the  cooler.  Calculations  show 
that  the  transition  region  between  the  gun  solenoid  and 
the  small  solenoid  below  it  allows  a  maximum  electron  en¬ 


ergy  of  30  keV  when  the  field  is  0.3  T  in  the  gun  solenoid 
and  0.03  T  otherwise.  Even  at  60  keV  there  is  a  significant 
reduction  in  transverse  electron  energy. 

The  field  gradient  will  increase  the  beam  cross  section 
with  a  factor  equal  to  the  ratio  of  field  strengths.  A 
new  electron  gun  with  a  ten  times  smaller  area  is  there¬ 
fore  under  manufacturing  for  tests  of  this  technique  at  the 
CRYRING  cooler.  It  will  be  a  scaled-down  version  of  the 
present  gun.  It  will  thus  have  the  same  perveance  as  the 
present  one  and  will  give  the  same  electron  density  in  the 
cooling  solenoid. 
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Abstract 

Electron  cooling  of  henry  ions  has  been  studied  at  the 
storage  ring  ESR  over  the  whole  range  of  ions  up  to  bare 
uranium.  Systematic  measurements  of  the  ion  beam  tem¬ 
perature  evidence  a  dependence  on  the  particle  number 
which  proves  an  equilibrum  between  cooling  and  heating 
by  intrabeam  scattering.  Measurements  of  the  longitudi¬ 
nal  intrabeam  scattering  rate  and  of  the  the  longitudinal 
cooling  force  provide  with  information  about  the  longi¬ 
tudinal  cooling  times.  Small  deviations  of  the  longitudi¬ 
nal  cooling  time  from  the  theoretically  predicted  A/Zl- 
dependence  are  found. 

1  INTRODUCTION 

The  ESR  storage  ring  at  GSI  [l]  is  part  of  an  accelerator 
complex  [2]  which  can  deliver  ion  species  over  the  entire 
range  of  masses  and  after  acceleration  in  the  heavy  ion  syn¬ 
chrotron  SIS  can  produce  bare  ions  up  to  uranium.  These 
ions  having  emittances  eS|f  ~  10  » mmmrof  and  a  mo¬ 
mentum  spread  A  p/p  ~  10"s  are  injected  into  the  storage 
ring  ESR  and  can  be  cooled  by  the  electron  cooling  system 
to  a  phase  space  density  which  is  typically  by  6  to  6  or¬ 
ders  of  magnitude  larger  than  that  of  the  uncooled  beam 
after  injection.  This  implicates  the  possibility  to  accumu¬ 
late  particles  in  the  storage  ring.  Multiplication  factors  in 
excess  of  100  are  routinely  achieved  by  a  combination  of 
rf  stacking  and  cooling  resulting  in  a  maximum  ion  cur¬ 
rent  of  7  mA.  The  beam  lifetime  of  the  cooled  heavy  ion 
beams  under  ultra  high  vacuum  conditions  is  limited  by 
radiative  electron  capture  [3j.  Therefore  a  high  efficiency 
of  the  cooling  system  is  desirable  in  order  to  reduce  the 
ion  beam  losses  by  operation  of  the  electron  cooler  at  low 
electron  currents.  The  achievable  multiplication  factors  by 
cooled  beam  accumulation  are  also  affected  as  for  highly 
charged  ions  they  are  determined  by  a  balance  between 
the  injection  rate  and  the  capture  loss  rate. 

2  ELECTRON  COOLER 
PARAMETERS 

The  large  range  of  ion  masses  and  charges  as  well  as  the 
possibility  to  decelerate  the  ions  in  the  ESR  require  a  large 
flexibility  of  the  electron  cooling  sytem.  A  system  was  de¬ 
signed  which  allows  independent  choice  of  electron  energy, 
electron  current  and  magnetic  guiding  Held  (4j.  For  sim¬ 


plicity  of  operation  the  magnetic  Held  in  the  present  ex¬ 
periments  was  chosen  in  the  range  B0  =  0.7  —  1.1  kG.  The 
lowest  electron  beam  energy  for  cooling  was  B0  keV,  the 
highest  energy  was  165  keV,  since  the  maximum  energy 
is  presently  limited  by  high  voltage  breakdown  in  the  air 
filled  Faraday  room  at  approximately  190  kV.  Reconstruc¬ 
tion  of  the  causing  components  is  under  way.  No  signif¬ 
icant  dependence  of  the  cooling  efficiency  on  the  energy 
and  magnetic  field  in  this  regime  has  been  observed. 

The  electron  current  determines  the  cooling  power  which 
is  directly  proportional  to  it.  The  maximum  electron  cur¬ 
rent  for  continuous  cooler  operation  was  1  A  since  for 
higher  currents  unreliable  operation  is  caused  by  electron 
beam  instabilities  most  likely  due  to  discharges.  For  ex¬ 
periments  with  highly  charged  ions  operation  with  high 
electron  currents  is  undesirable  in  most  applications  as 
the  beam  lifetimes  drops  to  a  few  minutes.  To  achieve 
fast  cooling  during  injection  of  hot  ion  beams  or  to  ex¬ 
tract  the  stored  ion  beam  by  the  electron  capture  process 
higher  currents  might  be  requisite.  Reconstruction  of  the 
drift  tubes  which  surround  the  electron  beam  on  its  way 
from  the  gun  to  the  collector  and  modifications  of  the  gun 
and  collector  geometry  are  expected  to  improve  the  high 
current  performance.  In  the  low  current  regime  efficient 
cooling  with  currents  of  a  few  mA  was  observed,  even  a 
current  of  1  mA  was  found  to  be  sufficient  to  stabilise  the 
ion  beam  against  heating  from  scattering  in  the  residual 
gas.  Therefore  in  experiments  with  continuous  electron 
cooling  storage  times  on  the  order  of  days  are  feasible. 

For  optimised  cooling  a  fine  adjustment  of  the  angle  be¬ 
tween  electron  and  ion  beam  is  necessary.  Minimum  trans¬ 
verse  emittances  of  the  ion  beam  indicate  the  optimum  sit¬ 
uation,  although  in  this  case  the  longitudinal  momentum 
spread  is  not  mimimum  necessarily.  An  increased  heat¬ 
ing  by  intrabeam  scattering  from  the  strongly  compressed 
transverse  to  the  longitudinal  degree  of  freedom  explains 
this  contradiction. 

3  EQUILIBRIUM  BETWEEN 
COOLING  AND  INTRABEAM 
SCATTERING 

In  the  static  operational  mode  of  storage  and  cooling  at 
constant  energy  the  ion  beams  are  cooled  to  equilibrium 
temperatures  which  are  determined  by  a  balance  between 
all  heating  sources  and  the  cooling  power  of  the  electron 
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cooling  system.  As  the  ESR  is  operated  under  ultrahigh 
vacuum  conditions  (p  <  10-,om6)  scattering  in  the  resid¬ 
ual  gas  is  negligible.  For  cooled  ion  beams  of  high  phase 
space  density  the  main  heating  process  is  intrabeam  scat¬ 
tering. 

This  has  been  proven  by  systematic  measurements  of  the 
longitudinal  momentum  spread  and  the  transverse  emit- 
tances  as  a  function  of  the  number  of  stored  ions.  The  mo¬ 
mentum  spread  was  measured  by  Schottky  noise  or  BTF 
analysis.  Position  sensitive  wire  chambers  detecting  ions 
after  recombination  with  electrons  in  the  cooling  section 
provided  a  non-destructive  method  to  measure  beam  pro¬ 
files  using  the  down  charged  ions  which  are  spatially  sep¬ 
arated  in  dispersive  sections  of  the  storage  ring  [Sj. 
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Figure  1:  Momentum  spread  and  emittances  of  a  cooled 
Au79+  280  Mev/u  beam  as  a  function  of  the  number  of 
stored  particles. 

The  equilibrium  beam  properties  of  a  beam  of  bare 
gold  ions  at  280  MeV/u  cooled  by  a  200  mA  electron 
beam  are  shown  in  Fig.  1.  The  temperatures  -  longitudi¬ 
nal  and  transverse  as  well  -  increase  with  the  number  of 
stored  ions  N.  The  longitudinal  momentum  spread  shows 
a  N’^-dependence,  whereas  horizontal  and  vertical  ion 
beam  emittances  grow  with  N2/3.  This  is  in  good  agree¬ 
ment  with  previous  results  for  the  equilibrium  momentum 
spread  of  a  xenon  beam,  but  in  small  disagreement  for  the 
transverse  degree  of  freedom  which  was  increasing  with 
N1//J  [3|.  Considering  that  particularly  the  transverse  de¬ 
grees  of  freedom  are  sensitive  to  small  alignment  errors  of 
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the  electron  beam  this  effect  may  be  accountable  for  the 
discrepancy. 

During  many  experiments  with  cooled  heavy  ions  the  de¬ 
pendence  of  the  momentum  spread  on  the  ion  beam  inten¬ 
sity  was  monitored  parasitically  by  Schottky  noise  analysis 
(Fig.  2).  Due  to  the  experimental  requirements  the  cool¬ 
ing  electron  currents  vary,  but  all  measurements  show  the 
N*/*  -increase  of  the  momentum  spread  with  the  number  of 
stored  ions,  only  for  very  small  particle  numbers  the  depen¬ 
dence  seems  to  approach  TV1/2.  The  separation  of  the  light 
ions  from  the  heavier  ones  is  likely  to  be  caused  by  some 
complication  in  the  analysis  of  the  Schottky  noise.  Due  to 
the  high  phase  space  density  the  light  ions  show  collective 
beam  behaviour  which  aggravates  the  interpretation  of  the 
spectrum.  Schottky  noise  analysis  in  this  case  can  result 
in  a  momentum  spread  which  deviates  from  that  obtained 
by  BTF  analysis  by  up  to  a  factor  of  two.  The  Schottky 
noise  analysis  results  in  systematically  lower  values  for  the 
momentum  spread,  but  proves  the  N'^-dependence. 
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Figure  2:  Dependence  of  ion  beam  momentum  spread  as 
a  function  of  the  number  of  stored  ions.  Electron  currents 
and  ion  beam  energies  are  indicated. 


The  observed  equilibrium  beam  temperatures  can  be 
well  founded  in  the  framework  of  the  intrabeam  scattering 
theory  giving  indirect  evidence  of  the  prevalence  of  this 
heating  mechanism  for  cooled  heavy  ion  beams  [6].  This 
was  also  confirmed  by  variation  of  the  electron  current  and 
the  good  agreement  between  experimental  and  theoretical 
cooling  rates. 


4  LONGITUDINAL  INTRABEAM 
SCATTERING  RATES 

The  heating  effect  by  intrabeam  scattering  was  directly  ob¬ 
served  by  a  measurement  of  the  longitudinal  beam  distri¬ 
bution  after  stopping  cooling  instantaneously.  The  energy 
of  the  electron  beam  can  be  detuned  by  stepping  of  the 
accelerating  voltage  ( A  V  =  5  kV)  within  milliseconds  to 
an  energy  which  causes  a  momentary  interruption  of  the 
cooling  action.  The  high  voltage  step  was  used  as  a  trig¬ 
ger  signal  to  start  a  fast  Fourier  analyzer  (minimum  sweep 
time  8  ms)  with  a  variable  delay  after  the  trigger  signal. 
In  Fig.  3  the  momentum  spread  of  a  0.9  mA  Dyss+  beam 
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at  290  MeV/u  which  was  cooled  by  an  electron  beam  of 
Iel  ~  500  mA  is  shown  as  a  function  of  the  delay  time 
between  the  high  voltage  step  and  the  start  of  the  ana¬ 
lyser  sweep.  The  time  derivative  of  the  momentum  spread 
growth  reflects  the  instantaneous  heating  rate. 


t  [ms] 


Figure  3:  Momentum  spread  of  an  intense  Z)y66+  beam  at 
290  MeV/u  as  a  function  of  the  time  between  interruption 
of  cooling  and  start  of  the  spectrum  analyzer  sweep. 

From  the  initial  value  of  the  growth  rate  the  longitudi¬ 
nal  cooling  rate  of  the  electron  beam  in  equilibrium  can 
be  concluded  which  results  in  a  cooling  time  t  =  17  mi 
(normalized  to  n*f  =  1  •  10® cm-3  and  a  relative  cooler 
length  rfr  =  0.0185).  Similar  measurements  with  less  in¬ 
tense  beams  of  j4u76+,  Pbs1+  and  f/91+  resulted  in  cooling 
times  r  =  5  —  8  ms.  As  the  difference  in  the  A/Z2-ratio  in 
these  measurements  is  almost  negligible  the  difference  may 
be  explained  by  a  dependence  of  the  cooling  time  on  the 
intensity  and  pha:  c  space  density  of  the  ion  beam.  Mea¬ 
surements  with  simultaneous  observation  of  the  transverse 
degree  of  freedom  will  give  more  detailed  information  of 
the  transverse  heating  rate  and  of  the  Z-  and  A-dependence 
of  the  cooling  time. 

5  LONGITUDINAL  COOLING  FORCE 
AND  COOLING  TIME 

The  measurement  of  the  longitudinal  cooling  force  can  be 
separated  into  two  regimes.  For  large  relative  velocities 
(v*  >  104m/s)  the  cooling  force  descends  and  can  be  easily 
measured  by  fast  stepping  of  the  accelerating  voltage  of  the 
electron  beam.  The  action  of  the  detuned  electron  energy 
can  be  consequently  monitored  by  fast  Fourier  analysis 
of  the  motion  of  the  ion  beam  towards  the  velocity  that  is 
determined  by  the  electron  velocity.  In  contrast  to  this  the 
cooling  force  at  small  relative  velocities  ( v *  <  104m/a)  is 
expected  to  increase  directly  proportional  to  the  relative 
velocity  up  to  a  certain  maximum.  This  linear  increase  of 
the  cooling  force  corresponds  to  a  constant  cooling  time 
which  is  on  the  order  of  milliseconds  and  therefore  not 
accessible  by  the  high  voltage  stepping  method.  Therefore 
the  approach  to  heat  the  ion  beam  simultaneously  with  rf 
noise  and  to  determine  the  cooling  force  from  the  particle 
distribution  was  applied  [7], 

The  results  of  both  methods  for  Ae,n+  and  Bt*2+  ions 


are  displayed  in  Fig.  4  with  the  straight  line  indicating  the 
smoothed  cooling  force  curve  from  the  heating  method  and 
the  discrete  data  points  originating  from  the  high  voltage 
step  method.  For  easiness  of  comparison  the  results  are 
normalized  to  an  electron  density  n*  =  1  10®cm-3  proving 
a  strong  increase  of  the  cooling  force  with  the  ion  charge. 


v*  [m/s] 

Figure  4:  Cooling  force  as  a  function  of  the  longitudinal 
relative  velocity  for  lVe,0+  at  150  MeV/ti  and  Bit2+  at 
230  MeV/n  normalized  to  n*  =  1  ■  106 cm'3.  Data  points 
were  determined  by  high  voltage  stepping,  straight  lines 
are  smoothed  data  from  measurements  of  the  particle  dis¬ 
tribution  with  heating  by  rf  noise. 

From  these  cooling  force  measurements  a  cooling  time 
tc  =  2.4  ms  for  ATe,n+  and  rr  =  0.9  ms  for  Bi*2+  (normal¬ 
ized  to  n*  =  1  •  106  cm-3)  was  derived  for  the  linear  part 
of  the  cooling  force.  The  improvement  for  the  heavier  ion 
however  is  a  factor  of  2.5  smaller  than  expected  from  the 
^-scaling  of  the  cooling  force.  Further  studies  under  well 
controlled  conditions  are  necessary  to  prove  whether  this 
is  a  deviation  from  the  standard  theory  as  predicted  for 
highly  chnrged  ions  or  whether  it  is  related  to  differences 
in  the  transverse  beam  size  caused  by  small  misalignments 
between  electron  and  ion  beam. 
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Abstract 

ASTRID  is  a  storage  ring/synchrotron  for  ions  and 
electrons.  Results  from  the  first  3  years  of  commis¬ 
sioning  and  running  will  be  presented.  A  wide  range 
of  both  positive  and  negative  ions  (both  atomic  and 
molecular)  varying  in  mass  from  3He  to  C-jq  (Buck- 
minsterfullerene)  have  been  stored  in  the  ring.  The 
physics  has  been  centered  around  laser-cooling, 
lifetime  measurements  of  metastable  ions  and  electron 
recombination.  The  ring  is  2x3  months  a  year  opera¬ 
tional  as  a  580  MeV  synchrotron  radiation  source  (Ac  = 
35  A),  with  stored  currents  (presently)  around  1 50  mA. 
Initially  beam-loading  problems  in  the  rf-cavity 
hindered  large  currents,  but  a  fast  feedback  loop  has 
circumvented  this  problem.  Presently  the  current  is 
limited  by  the  injection  rate  at  100  MeV  and  the 
lifetime  of  the  beam,  at  high  currents  influenced  by 
ions  trapped  in  the  beam. 

I.  The  facility 

ASTRID  is  the  first  facility  which  combines  a 
storage  ring  for  ions  with  a  synchrotron -radiation 
source  [1-3].  The  motivation  for  this  was  to  make  a 
relative  expensive  piece  of  equipment  available  to  a 
wider  user  community. 

The  layout  of  the  storage  ring  with  injectors  is 
shown  in  fig.  1.  The  electron  injector  is  placed  in  a 
separate  well-shielded  cave.  There  is  no  radiation 
shielding  around  the  storage  ring;  hence  the  ring  hall 
is  evacuated  during  filling  of  the  ring.  Scrapers  in  the 
ring  are  left  close  to  the  electron  beam  to  give  a  well- 
defined  beam  dump. 

A.  The  injectors 

Ions  are  preaccelerated  in  an  isotope  separator  using 
a  very  stable  (RMS<1  V)  200  kV  high-voltage  supply. 
A  variety  of  ion  sources  for  both  positive  and  negative 
ions  can  be  used  with  the  separator  to  produce  singly- 
charged  ions  and  molecules  of  almost  any  type.  A 
charge  exchange  cell  has  been  installed  after  the  se¬ 
parator  magnet  to  produce  negative  ions  by  electron 
capture  in  a  Na,  K  or  Cs  vapour.  Differential  pumping 
in  the  injection  beamline  separates  the  high-pressure 
ion  source  (1  O'2 torr)  from  the  ring  vacuum  (10'12torr). 

A  pulsed  (10  Hz)  race- track  microtron  has  been 
built  to  produce  the  100  MeV  electrons  for  the  storage 


Figure  1 .  Layout  of  the  storage  ring  with  injectors. 


ring.  The  RF  system  is  operating  at  3  GHz.  The  reso¬ 
nant  energy  gain  is  5.3  MeV  corresponding  to  19  turns. 

B.  The  storage  ring 

The  "ring"  is  a  square  as  formed  by  two  45°  bending 
magnets,  excited  by  a  common  coil,  in  each  corner. 
The  lattice  functions  for  ASTRID  are  shown  in  fig.  2. 
The  auadru poles  are  grouped  in  four  families,  so  that 
the  dispersion  in  two  opposite  straight  sections  can  be 
varied  continously  between  0  and  6  m  without  change 
of  the  tunes.  In  fig.  2  is  shown  the  dispersion  in 
ASTRID  with  four  superperiods,  and  with  two  super¬ 
periods  giving  two  dispersion-free  straight  sections. 

Two  families  of  8  sextuooles  are  available  for 
chromaticity  corrections.  Superimposed  on  the  air- 
cored  sextupoles  are  8  horizontal  and  8  vertical  correc¬ 
tion  dipoles.  Furthermore  4  horizontal  correctors  are 
available  as  back-leg  windings  on  the  main  dipoles. 

The  vacuum  system  is  designed  for  the  10‘12  ton- 
region,  as  required  for  long  storage  times  of  the  ions. 
Hence  the  system  has  been  vacuum  fired  and  is 
prepared  for  a  300°  C  in-situ  bake-out.  There  is 
installed  a  total  of  20  ion  pumps  and  24  sublimation 
pumps  in  the  ring.  Presently  the  system  has  only  been 
baked  to  150°  C,  resulting  in  an  average  pressure 
around  1  O'11  torr. 

Two  different  RF  systems  are  used.  For  the  ions,  a 
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ferrite-loaded  cavity  operating  in  the  0.5-3. 3  MHz 
region  is  available,  giving  a  maximum  voltage  of  2  kV. 
For  the  electrons,  a  capacitively  loaded  coaxial  TEM 
cavity  operating  at  104.9  MHz  is  used.  This  cavity  was 
fabricated  in  steel,  which  was  then  copper  plated.  The 
obtained  Q  is  around  9000. 


accumulate  electrons.  The  dc  septum  has  a  maximum 
bending  power  of  1 .3  Tm  and  an  effective  thickness  of 
1 1  mm.  This  rigidity  allows  injection  of  heavy  ions 
and  also  extraction  of  a  low  intensity  580-MeV 
electron  beam. 

The  kicker  and  RF-system  are  the  only  components 
being  exchanged  when  swapping  between  electron  and 
ion  operation. 

Clearing  electrodes  covering  around  half  the  cir¬ 
cumference  are  installed  in  the  ring  to  reduce  ion¬ 
trapping  effects. 

A  variety  of  diagnostics  is  installed,  including  10 
horizontal  and  vertical  position  pick-ups,  scintillation 
screens,  Schottky  pick-ups,  beam-current  transformer, 
beam  scrapers  and  synchrotron-radiation  detectors. 

The  control  system  is  based  on  a  NORD  main 
computer  with  PC's  as  consoles.  Autonomous  function 
generators  are  used  for  all  dynamical  parameters  for 
acceleration  and  similar  operations. 

II.  Running  astrid  with  ions 

Since  the  start  up  of  the  facility  many  different  ions 
have  been  stored  in  the  ring;  a  list  is  given  in  table  2. 


Table  1 

Parameters  of  ASTRID 


Magnetic  rigidity 

1.87  Tm 

Circumference 

40  m 

Isos 

Injection  energy 

<200  kV 

Hor.,  vert,  tune 

2.29 

2.73 

Hor.,  vert,  chromaticity 

-3.4 

-7.5 

Momentum  compaction 

0.053 

RF  system  0.5 

-3.3  MHz 

2  kV 

Injected  currents 

1  pA  -  10  fiA 

electrons 

Injection  energy 

100  MeV 

Hor.,  vert,  tune 

2.208 

2.640 

Hor.,  vert,  chromaticity 

-4.3 

-7.1 

Momentum  compaction 

0.068 

Design  current 

200  mA 

Electron  energy 

580  MeV 

Horizontal  emittance 

0.14  mm  mrad 

Critical  energy,  wavelength  0.36  keV 

35A 

Energy  loss/turn 

8.3  keV 

Beam  lifetime  (Touschek) 

16  hours 

Number  of  bunches 

14 

RF  system 

105  MHz 

125  kV 

Ions  and  electrons  are  injected  with  a  magnetic 
septum  Idc)  and  a  kicker  placed  diametrically  opposite. 
For  the  ions,  the  electrostatic  kicker  excited  by  a 
square  pulse  injects  one  turn.  For  the  electrons,  a 
magnetic  kicker  excited  by  a  half-sine  pulse  is  used  to 


Ta  bjg-2 

Atomic  and  molecular  ions  stored  in  ASTRID 


4He  + 
lslEu  + 

6Li  + 
166Er  + 

7Li  + 

16o+ 

“Ne 

h2+ 

Cto+ 

13co+ 

12co+  + 

13co+  + 

C60+ 

3He‘ 

“cr 

4He' 

^Ca- 

9Be‘ 

^Fe 

12c- 

16q- 

4He2* 

12c2- 

OH’ 

C#)' 

C70 

The  stored  ion  beams  had  rigidities  between  7  MeV/c 
for  6  keV  4Heand  260  MeV/c  for  50  keV  12CM-. 

The  lifetime  at  injection  energy  of  stored  beams  of 
positive  ions  was  limited  by  the  vacuum,  typically  a 
few  !0‘ntorr,  giving  lifetimes  around  ten  seconds. 
Injected  currents  for  the  positive  ion  beams  were  in 
the  1-10  nA  range.  A  large  fraction  of  the  runs  with 
positive  ions  have  been  for  laser  cooling  experiments 
[4]  with  Li+  and  Er+. 

The  lifetime  of  a  negative  ion  beam  is  determined 
by  rest  gas  stripping,  intrabeam  stripping  and  field 
stripping  (in  the  bending  magnets)  [5,6].  A  new 
stripping  mechanism  has  been  identified  for  loosely 
bound  ions.  Black-body  radiation  can  ionize  ions  with 
small  electron  affinities  like  Ca‘  and  He"[7].  Further¬ 
more  some  ions  are  metastable  and  autoionize  on 
timescales  around  a  msec.  In  fig.  3  is  shown  the  decay 
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of  a  stable  and  a  metastable  beam.  The  slow  compo¬ 
nents  are  due  to  restgas  interactions.  The  energy  of  the 
stable  beam  has  been  chosen  so  that  the  two  beams 
have  the  same  rigidities,  to  avoid  adjustments  of  the 
ring  magnets  between  the  two  measurements.  A 
storage  ring,  acting  as  a  very  long  beamline,  is  ideal 


Figure  3.  Decay  of  a  stable  and  an  unstable  beam. 


for  such  fundamental  lifetime  measurements. 

Most  negative  ions  can  only  be  produced  in  small 
quantities,  leading  to  currents  in  the  pA-nA  range. 
Hence  they  can  only  be  observed  with  ’neutral’  detec¬ 
tors  monitoring  the  decay  of  the  stored  beam  by 
counting  neutralized  ions  at  the  end  of  the  straight 
sections.  An  electron  multiplier,  a  semiconductor  and 
a  microchannel-plate  detector  (as  in  fig.  3)  have  been 
used  in  ASTRID  for  this  purpose. 

The  first  electron  cooling/recombination  experi¬ 
ments  have  started.  The  electron  beam  has  an  energy 
of  0.5-2  keV,  requiring  ion  energies  above  1  MeV/a- 
mu.  Ions  can  now  be  accelerated  from  0.15  MeV  up  to 
6  MeV  in  one  cycle,  whereas  higher  energies  requires 
change  of  harmonic  number  and  two  acceleration 
cycles. 

III.  Running  astrid  with  electrons 

The  100-MeV  race-track  microtron  routinely 
delivers  10-15  mA  pulses  of  1  jisec  width.  This  3  GHz 
beam  is  injected  into  the  ring  and  captured  by  the  105 
MHz  RF  system.  The  current  captured  per  injection  is 
around  1-5  mA,  and  the  optimal  injection  frequency 
is  around  0.2  Hz,  to  be  compared  to  transverse  dam¬ 
ping  times  of  4  secs.  This  rather  low  injection  frequ¬ 
ency  is  caused  by  the  rather  thick  septum  used.  During 
the  early  commissioning  it  was  realized,  that  beam 
loading  in  the  rf-system  [8]  limited  the  maximum 
accumulated  current  to  1-2  mA  per  bunch  for  rf- 
voltages  around  8  kV.  In  our  case  this  limitation  can 
not  be  cured  by  running  with  a  higher  rf  power,  since 
a  good  accumulation  efficiency  is  needed  owing  to  the 


low  injection  frequency.  A  rf  power  of  less  than  10  kV 
is  needed  to  keep  the  bucket  height  smaller  than  the 
ring  ?/'ceptance  (1%).  Hence  an  amplifier  feedback 
system  was  built,  which  reduce  the  effective  cavity 
impedance  as  seen  by  the  beam  [8].  This  feedback 
system  has  raised  the  beam-loading  threshold  to  20 
mA  per  bunch.  The  largest  current  accumulated  to 
date  is  210  mA,  well  below  this  threshold. 

Up  to  160  mA  can  be  accelerated  to  580  MeV  during 
1  min.  without  significant  losses.  Above  this  current, 
large  losses  occur.  The  reason  for  these  losses  is 
currently  being  investigated.  The  lifetime  at  high 
current  at  580  MeV  is  around  80  minutes,  determined 
by  the  high  pressure  (few  lO^torr.).  No  decrease  in 
this  pressure  has  been  observed  after  a  conditioning  of 
the  vacuum  system  to  12  A  hours.  Coupled  bunch 
osciillations  are  observed  at  high  energy  with  large 
circulating  currents.  The  beam  size  has  been  measured 
using  the  optical  part  of  the  synchrotron  radiation  at 
580  MeV.  The  horizontal  and  vertical  beam  size  at  the 
entrance  to  the  dipole  have  been  measured  to  0.73x0.10 
mm2  (RMS).  From  this  we  deduce  a  coupling  of  1.4  %, 
and  an  increase  in  the  horisontal  beam  size  of  around 
60  %  owing  to  the  bunch  oscillations. 

IV.  Future  plans 

The  coming  laser  cooling  experiments  will  be 
performed  on  Mg +  ,  which  can  be  cooled  in  the  ground 
state  using  UV  photons.  A  wide  program  with  negative 
ions  and  molecular  ions  is  planned.  One  program  is  a 
continuation  of  the  lifetime  measurements.  Another  is 
electron  recombination/detachment  studies  using  posi¬ 
tive/negative  ions  and  molecules.  Also  photo-ex¬ 
citation  experiments  are  planned. 

Two  synchrotron-radiation  beamlines  are  currently 
in  use,  i.e.  a  x-ray  microscope  and  a  PGM  monoch¬ 
romator  (SX-700)  for  the  11-2300  eV  range  for 
surface  physics.  The  third  beamline,  a  large  acceptance 
(20  mrad)  high-resolution  SGM  monochromator  for 
the  30-600  eV  region  is  presently  being  commissioned. 

Several  longer  term  improvements  are  being  dis¬ 
cussed,  among  others  we  mention  installation  of 
insertion  devices  (wiggler/undulator)  in  the  ring 
combined  with  new  monochromators,  new  ion  sources 
and  an  induction  accelerator. 
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Recent  developments  at  the  Gustaf  Werner  Cyclotron  and  CELSIUS 
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Abstract 

The  Gustaf  Wemer  cyclotron,  which  usually  operates  in 
isochronous  mode,  is  used  as  a  synchrocyclotron  for  high  en¬ 
ergy  protons.  In  addition  to  its  internal  PIG  ion  source,  it  has 
been  equipped  with  two  external  ion  sources,  an  ECR  source 
for  heavy  ions  and  a  source  for  polarized  protons  and 
deuterons.  The  CELSIUS  ring  is  used  for  intermediate-energy 
physics  with  thin  internal  targets.  A  major  concern  is  to  keep 
the  experimental  background  small.  The  electron  cooling  sys¬ 
tem  is  helping  this  task,  but  is  not  yet  very  useful  at  the  in¬ 
jection  energy.  The  reasons  behind  this  are  becoming  clear.  A 
long  shutdown  in  the  fall  of  1993  will  bring  further  enhance¬ 
ments  to  both  accelerators. 

I.  INTRODUCTION 

The  The  (=Theodor)  Svedbcrg  Laboratory  (TSL)  in  Upp¬ 
sala,  Sweden,  is  a  Swedish  national  accelerator  centre.  It  oper¬ 
ates  an  EN  tandem  accelerator  with  maximum  terminal  poten¬ 
tial  of  6  MV,  and  the  Gustaf  Wemer  cyclotron  with  the 
CELSIUS  cooler  ring. 

TSL  “shall  promote  research  by  making  available  facili¬ 
ties  for  accelerator-based  investigations,  and  by  carrying  out 
such  research  with  its  own  resources.”  (Quotation  from  the 
laboratory  statutes). 


Fig.  1 .  The  Gustaf  Wemer  cyclotron  complex.  The 
CELSIUS  ring  has  a  circumference  of  82  m. 


The  Gustaf  Wemer  cyclotron  complex  is  shown  in  fig.  1. 
The  cyclotron  [1,2],  which  has  several  different  modes  of  op¬ 
eration,  delivers  beams  of  light  and  heavy  ions  for  fixed  target 
nuclear  physics  experiments,  radionuclide  production  for  hos¬ 
pital  and  scientific  use,  proton  therapy,  and  acts  as  injector  to 
the  CELSIUS  ring. 

The  CELSIUS  ring  [3]  is  used  for  physics  experiments 
using  stored  ion  beams  interacting  with  very  thin  internal  tar¬ 
gets  [4],  An  electron  cooling  system  is  used  to  reduce  the  ex¬ 
perimental  background  by  increasing  the  stored  beam  lifetime. 

II.  THE  GUSTAF  WERNER  CYCLOTRON 

The  Gustaf  Wemer  cyclotron,  initially  built  in  the  forties 
and  early  fifties  as  a  (fixed-energy)  185  MeV  proton  synchro¬ 
cyclotron  with  cylinder-symmetrical  poles,  converted  during 
the  eighties  to  a  variable-energy  multi-purpose  sector-focused 
cyclotron,  is  now  in  use  for  a  wide  range  of  applications.  It 
operates  both  as  an  isochronous  cyclotron  (“CW  mode”)  and 
as  a  synchrocyclotron  (“FM  mode”).  Its  Jt-value  192,  so  it  ac¬ 
celerates  non-relativistic  ions  to  an  energy  of  192  *Q2/A 
MeV.  The  maximum  energy  for  protons  is  180  MeV,  limited 
by  saturation  in  the  cyclotron  magnet,  power  limitation  in  the 
extraction  septum,  and  band-width  and  power  limitations  in 
the  high-frequency  system. 

The  three-sector  geometry  of  the  magnetic  field  provides 
sufficient  vertical  focusing  during  isochronous  operation 
(when  the  magnetic  field  must  satisfy  °c  y{r)),  except 
for  protons  above  105  MeV  and  for  the  highest  energies  of 
3 He,  when  frequency  modulation  is  necessary. 

The  cyclotron  is  now  used  during  15  eight-hour  shifts  per 
week.  The  ion  species  and  the  energy  are  changed  frequently  in 
order  to  satisfy  the  various  needs  of  the  users. 

The  cyclotron  has  been  in  operation  in  CW  mode  with  an 
internal  PIG  ion  source  for  light  ions  since  1987.  In  this 
mode  the  accelerating  frequency  is  tunable  between  12.25  and 
24.5  MHz.  Acceleration  has  been  done  using  the  harmonic 
numbers  one  and  two.  The  maximum  dee  voltage  is  50  kV. 

In  this  mode  the  cyclotron  accelerates  the  molecular  ions 
H2+  and  D2+  in  order  to  inject  protons  and  deuterons  with 
stripping  injection  in  CELSIUS,  as  well  as  Hc+  in  order  to 
store  alpha  particles  with  the  same  method.  Then  the  ion 
source  is  pulsed,  with  pulse  length  8  ms.  The  peak  accelerated 
beam  current  is  up  to  100  pA  with  H2+  and  up  to  30  pA 
with  D2+  and  Hc+. 

Radionuclide  production  is  performed  with  60-100  MeV 
protons  with  beam  currents  up  to  10  pA. 
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The  PIG  ion  source  used  in  CW  operation  has  a  double¬ 
arc  anode.  This  permits  operation  both  with  harmonic  number 
one  and  two  without  changing  the  position  of  the  source.  The 
gas  supplies  to  the  two  arcs  are  connected  with  each  other. 
Especially  during  acceleration  of  the  molecular  ions  used  for 
stripping  injection  in  CELSIUS,  which  are  susceptible  to 
break-up  by  collisions  with  the  rest  gas,  it  is  necessary  to 
avoid  gas  load  from  the  arc  that  is  not  in  use.  Therefore,  a 
dummy  is  mounted  instead  of  the  slit  at  that  side.  This  is 
done  by  pulling  out  the  source  through  an  air  lock.  Since 
such  changes  have  turned  out  to  occur  quite  frequently  a  new 
design  is  underway,  in  which  the  two  gas  volumes  are  sepa¬ 
rated.  This  will  significantly  reduce  the  number  of  times  that 
the  internal  source  has  to  be  pulled  out,  in  order  to  change  the 
slits. 

Synchrocyclotron  operation  with  an  internal  PIG  source 
has  been  operational  since  1991.  Beam  stretching  is  often 
used  to  provide  a  beam  (macroscopic)  duty  factor  of  about  50 
%.  This  is  achieved  by  reducing  the  df  /dt  and  the  accelerat¬ 
ing  voltage  during  extraction.  The  pulse  repetition  frequency 
is  presently  up  to  300  Hz.  The  accelerated  beam  current  is 
about  2  nA/Hz  at  energies  below  160  MeV  and  1  nA/Hz  at 
180  MeV. 

Synchrocyclotron  acceleration  is  performed  with  har¬ 
monic  number  one  and  the  frequency  in  the  range  between  17 
and  24.5  MHz.  The  power  tubes  are  operated  as  “broadband” 
amplifiers  with  bandwidth  up  to  2.2  MHz  and  dee  voltages  up 
to  about  16  kV. 

The  PIG  ion  source  used  during  operation  in  the  FM 
mode  is  more  compact  than  the  one  used  in  CW  mode.  This 
is  necessary,  due  to  the  smaller  dee  voltage. 

III.  THE  EXTERNAL  ION  SOURCES 

Two  external  ion  sources,  an  ECR  source  for  heavy  ions 
and  an  atomic-beam  source  for  polarized  protons  and 
deuterons,  have  been  installed  at  the  cyclotron.  The  sources 
are  placed  outside  the  cyclotron  hall  next  to  an  area  for 
atomic-physics  experiments,  where  heavy  ion  beams  directly 
from  the  ECR  source  are  used. 

A.  The  ECR  ion  source 

The  ECR  ion  source  [51,  which  was  built  in  collabora¬ 
tion  with  the  University  of  Jyvdskyla,  Finland,  is  based  on 
the  design  of  the  room-temperature  ECR  source  at  NSCL, 
MSU,  East  Lansing,  Michigan  [6],  The  source  is  vertically 
mounted  and  has  a  plasma  chamber  of  14  cm  diameter  and  to¬ 
tal  length  of  82  cm,  surrounded  by  a  sextupole  of  NdFeB 
permanent  magnets,  giving  0.27  T  on  the  edge  of  the  plasma 
chamber.  An  axial  field  of  up  to  0.52  T  on  the  axis  of  the 
plasma  chamber  is  obtained  by  9  circular  coils  excited  by  four 
power  supplies.  To  make  the  operation  of  the  source  more 
stable  and  reproducible  [7],  the  original  two-stage  source  has 
been  rebuilt  to  a  one-stage  version  with  axial  injection  of  the 
gas  and  of  the  6.4  GHz  microwave  power.  The  gas  supply  to 
the  ion  source  is  provided  through  a  line  connected  to  the 


main  gas  and  mixing  gas  bottles  and  regulated  by  two  step¬ 
ping-motor  driven  needle  valves.  The  gases  are  chosen  from  a 
manifold  of  small  bottles  placed  close  to  the  source. 

The  ion  source  itself  has  been  run  with  the  noble  gases 
up  to  xenon  and  with  hydrogen,  nitrogen,  and  oxygen. 
Hydrogen,  helium,  oxygen,  nitrogen  and  krypton  ions  have 
also  been  accelerated  through  the  cyclotron. 

Heavy-ion  beams  have  been  brought  directly  from  the 
ECR  source  to  atomic  physics  experiments,  and  through  the 
cyclotron  for  nuclear  physics  experiments,  both  with  fixed  tar¬ 
gets  and  in  the  CELSIUS  ring. 

B.  The  Ion  Source  for  Polarized  Protons  and  Deuterons 

The  ion  source  for  polarized  protons  and  deuterons  was 
built  by  Balzers/Pfciffer  at  Asslar,  Germany,  with  installation 
in  Uppsala  and  beam  tests  during  the  first  half  of  1992.  The 
source  is  based  on  the  atomic-beam  method,  with  state  selec¬ 
tion  accomplished  by  multipole  magnets  and  radiofrequency 
transitions.  The  dissociation  of  the  molecules  is  obtained  by  a 
27  MHz  rf.  discharge  in  a  water-cooled  Pyrex  tube.  The  atoms 
then  pass  a  nozzle,  cooled  to  30  K  by  a  two-stage  closed-cycle 
cryogenerator,  to  form  an  atomic  beam.  The  geometry  of  the 
focusing  sextupole  and  quadrupole  magnets  is  optimized  to 
give  a  high  transmission  to  the  center  of  the  ionizer  region. 
Radio-frequency  transitions  between  different  hyperfine-struc- 
ture  magnetic  substates  provide  the  required  polarization  of  the 
beams.  The  rf.  loops  are  located  both  between  and  after  the  fo¬ 
cusing  magnets.  The  differentially  pumped  beam  source  and 
the  atomic-beam  unit  are  built  into  one  housing  including  an 
integrated  turbomolecular  pump  system.  This  configuration 
ensures  a  high  pumping  speed  close  to  the  beam  region. 

The  ion  source  is  equipped  with  an  ECR  ionizer  in  which 
the  plasma  is  confined  axially  and  radially  by  a  pair  of 
solenoid  magnets  and  a  permanent  sextupole  magnet,  end  ex¬ 
cited  by  microwave  power  at  2.45  GHz. 

In  April  1993  the  first  polarized  protons  were  accelerated 
in  the  cyclotron.  The  degrees  of  positive  and  negative  polar¬ 
ization  of  the  extracted  100  MeV  proton  beam  were  measured 
to  be  0.55  and  -0.45  by  a  polarimeter  based  on  pd  scattering. 

C.  The  beam  transport  system  and  injection 

The  ion  beams  from  the  two  external  ion  sources  are 
brought  to  a  common  horizontal  beam  line,  which  takes  them 
to  the  top  of  the  cyclotron,  where  they  are  bent  down  axially 
through  a  hole,  drilled  through  the  upper  yoke  and  pole  of  the 
cyclotron  magnet  Einzel  lenses  and  magnetic  quadrupoles  are 
used  as  focusing  elements  in  the  beam  transport  system. 
Magnetic  dipoles  are  used  for  bending  the  beam.  In  the  verti¬ 
cal  part  within  the  upper  cyclotron  magnet,  solenoids  are  used 
as  focusing  elements. 

A  spiral  inflector  bends  the  ion  beam  into  the  median 
plane  of  the  cyclotron. 

A  buncher  is  installed  to  improve  the  transmission 
through  the  cyclotron,  which  has  been  as  high  as  10  %  for 
protons.  When  the  buncher  was  turned  off,  the  proton  trans¬ 
mission  went  down  to  2  %. 


1745 


IV.  CELSIUS 

Protons,  deuterons,  alpha  particles  and  oxygen  ions  have 
been  stored,  accelerated,  and  exposed  to  internal  targets  in 
CELSIUS.  The  highest  stored  beam  intensities  are  4X1011, 
4xl010,  lxlO10,  and  3x10s  of  protons,  deuterons,  alpha  par¬ 
ticles  and  oxygen  ions  respectively.  Transmission  from  the 
injected  intensity  (with  static  magnets  and  without  rf.)  to  ac¬ 
celerated  (up  to  2.1  GeV/c  per  charge)  beam  intensity  is  typi¬ 
cally  25  -  50  %,  due  to  the  difference  between  the  phase  space 
area  of  the  maximum  rf.  bucket  which  fits  inside  the 
CELSIUS  momentum  acceptance  and  the  total  longitudinal 
emittance  of  the  injected  beam  from  the  cyclotron,  and  to 
losses  during  acceleration. 

Since  the  dipole  magnets  of  CELSIUS  are  not  laminated 

[8],  acceleration  is  performed  slowly.  This  is  acceptable  for 
the  use  of  the  ring  for  physics  experiments  with  very  thin  in¬ 
ternal  targets  due  to  the  long  life-time  of  the  stored  beams. 
The  machine  cycle,  which  is  used  during  physics  runs,  is  typ¬ 
ically  five  minutes  long,  with  four  minutes  flat  top,  and  a  to¬ 
tal  of  one  minute  spent  for  decrease  and  increase  of  the  mag¬ 
netic  field  and  for  injection. 

Many  experiments  to  be  carried  out  at  CELSIUS  are  de¬ 
voted  to  studies  of  reactions  with  small  cross  sections.  Such 
measurements  require  a  very  low  background.  A  system  of  1 1 
pairs  of  plastic  scintillator  detectors,  which  is  placed  around 
the  ring,  has  proven  very  useful  to  guide  the  operator  while 
tuning  the  ring  [3].  In  addition,  one  pair  of  detectors  is  placed 
on  the  straight  line  going  through  the  axis  of  the  electron 
cooler,  in  order  to  measure  the  rate  of  atomic  hydrogen,  which 
is  produced  while  cooling  protons.  This  is  used  as  an  aid 
while  tuning  the  electron  cooling  system.  Two  detectors, 
placed  at  each  side  of  the  cluster-jet  target,  have  also  been 
added  to  the  system.  These  detect  protons,  which  are  elasti¬ 
cally  scattered  in  the  target,  and  are  used  as  a  luminosity  mon¬ 
itor. 

At  low  energies  (around  300  McV)  the  background  has 
been  improved  by  trimming  the  beam  with  mechanical  scrap¬ 
ers.  The  mechanical  scrapers  have  not  been  useful  at  high  en¬ 
ergies. 

The  electron  cooling  system  is  used  to  improve  the  life¬ 
time  of  accelerated  beams.  This  is  especially  important  to  re¬ 
duce  the  experimental  background.  A  recent  example  (May 
1993)  is  that  the  lifetime  of  280  MeV  alpha  particles  interact¬ 
ing  with  a  neon  target  of  1.6x  1013  cm'2  was  increased  from 
40  s  to  600  s  by  electron  cooling. 

A  problem,  which  has  made  the  electron  cooling  system 
less  beneficial,  particularly  at  the  injection  energy,  where  it 
should  be  possible  to  use  electron  cooling  for  accumulation, 
is  that  there  is  a  rapid  loss  of  stored  beam  intensity  immedi¬ 
ately  during  the  first  moment  of  exposure  of  the  stored  beam 
to  the  electron  beam.  We  have  called  this  effect  "electron  heat¬ 
ing.”  Recent  measurements  indicate,  that  it  is  due  to  non-lin¬ 
ear  resonances,  which  are  driven  by  the  electrical  field  from 
the  electrons.  The  diameter  of  the  electron  beam  is  smaller 


than  the  size  of  the  stored  beam  before  acceleration.  These  in¬ 
vestigations  continue. 

V.  NEAR  FUTURE  PLANS 

There  will  be  a  long  shutdown  of  the  Gustaf  Wemer  cy¬ 
clotron  and  the  CELSIUS  ring  during  the  period  from  August 
through  October  1993.  During  this  period,  large  cryo-panels 
will  be  installed  inside  the  cyclotron,  and  cryogenic  chevron 
baffles  will  be  installed  above  the  oil  diffusion  pumps  of  the 
cyclotron.  This  is  intended  to  improve  the  vacuum  in  the  cy¬ 
clotron  by  one  order  of  magnitude  to  become  better  than  10'5 
Pascal  (10'7  mbar)  during  operation  with  the  external  ion 
sources  and  a  few  times  10'5  Pascal  during  operation  with  the 
internal  PIG  source.  This  will  improve  the  high-voltage  char¬ 
acteristics  of  the  cyclotron  and  the  transmission  of  heavy 
ions.  At  the  same  time,  a  new  control  system  will  be  imple¬ 
mented  on  the  cyclotron  [9].  This  is  the  first  step  toward  a 
unified  control  system  for  both  CELSIUS  and  the  cyclotron. 

At  CELSIUS,  the  shutdown  will  be  used  for  measures  to 
further  reduce  the  experimental  background.  One  of  these  will 
be  to  replace  the  vacuum  chambers  in  the  quadrupoles  in  order 
to  increase  the  aperture  near  the  internal  target  locations.  The 
shutdown  will  also  be  used  to  mount  a  new  collector  on  the 
electron  cooling  system.  The  collector  is  expected  to  have  a 
collection  efficiency  which  is  exceeding  that  of  the  present 
collector,  and  is  going  to  be  built  by  the  Budker  Intitute  of 
Nuclear  Physics  in  Novosibirsk,  Russia,  according  to 
principles  developed  there  [10]. 
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A  newly  designed  radio  frequency  cavity  was  used  at  the 
storage  ring  TSR  in  Heidelberg  to  accelerate  stored  1,C0+ 
(Eo  =  73.3  MeV)  beams.  It  was  possible  to  accelerate 
about  90%  of  the  stored  particles  by  more  than  a  factor 
of  three  in  kinetic  energy  (Ejin  «  240  MeV).  A  new  oper¬ 
ating  mode  of  the  machine  close  to  the  transition  energy 
was  also  investigated.  Up  to  10  p.A  l3Ct+  and  protons 
could  be  stored,  however  the  beams  were  susceptive  to 
longitudinal  instabilities.  For  21  MeV  protons  (7  =  1.02) 
a  ftr  parameter  of  1.04  could  be  reached.  A  new  method 
to  produce  a  beam  of  polarized  ions,  based  on  spin  se¬ 
lective  attenuation  by  a  polarized  atomic  hydrogen  target 
was  successfully  proved  with  23  MeV  protons.  To  mini¬ 
mize  losses  of  the  beam  particles  the  TSR  was  operated  in 
the  low-beta-  mode.  After  one  hour  a  beam  polarization 
of  0.014  was  achieved. 

1  INTRODUCTION 

The  Test  Storage  Ring  TSR  [1]  installed  at  Max  Planck 
Institut  fur  Kernphysik  is  used  for  accelerator,  atomic  and 
nuclear  physics  experiments.  The  55.4  m  circumference 
ring  with  the  maximum  rigidity  of  1.5  Tm  receives  heavy 
ions  up  to  iodine  from  a  12  MV  Van  de  Graaff  and  a  nor¬ 
mal  conducting  RF  linac  combination.  Electron  cooling 
is  used  to  reduce  the  phase  space  of  the  stored  beam  and 
for  accumulation  [2],  which  resulted  in  stored  intensities 
up  to  18  mA  1JCn+  ions  (3  •  1010  particles  ).  In  table  1 
the  achieved  intensities  and  lifetimes  are  listed  for  various 
ion  species.  The  lifetimes  were  measured  in  the  range  of 
4-6-10-11  mbar.  For  protons  a  lifetime  of  60h  could  be 
reached.  To  study  dissociative  recombination  processes  [3] 
between  molecules  and  electrons,  HD+  (E=2  MeV)  mole¬ 
cular  ions  were  stored  with  a  beam  lifetime  of  5s  at  1  ■  10— 10 
mbar. 

2  BEAM  ACCELERATION 

For  acceleration  and  deceleration  of  ions  a  A/4  resonator 
[4]  filled  with  20  ferrite  rings  was  developed.  The  variation 
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Table  1:  Energies,  currents  and  lifetimes  of  some  ion 
beams  stored  in  the  TSR. 


Ion 

Energy 

[MeV] 

Intensity 

[mA] 

Lifetime 

[sec] 

P 

21 

3300 

220000 

7Li+ 

13 

12 

48 

8Be+ 

7 

2 

16 

iac«+ 

73 

18000 

7500 

«Si14+ 

115 

960 

540 

33gl6+ 

195 

1500 

450 

3Bqj17+ 

202 

650 

370 

esCuae+ 

510 

110 

240 

80geZ5  + 

480 

no 

204 

of  the  resonance  frequency  is  realized  by  changing  the  per¬ 
meability  of  the  ferrites  with  a  d.c.  magnetic  field,  created 
by  an  external  magnetic  quadrupole  shown  in  figure  1. 


Figure  1:  The  ferrite  loaded  quadrupole  resonator. 


Each  magnetic  pole  has  a  coil  of  5  windings.  In  con¬ 
trast  to  conventional  design  the  magnetization  coils  are 
completely  outside  the  rf-  field  of  the  resonator.  The  res¬ 
onator  can  be  operated  in  a  frequency  range  of  0.8  to  7 
MHz.  This  resonator  was  used  to  accelerate  stored  12C®+ 
(E0  =  73.3  MeV)  beams  without  phase  feedback  loop.  It 
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was  possible  to  accelerate  the  stored  particles  by  more  than 
a  factor  of  three  in  kinetic  energy  (  Efin  as  240  MeV)  cor¬ 
responding  to  an  increase  of  the  revolution  frequency  of 
0.7707  MHs  to  1.394  MHz  with  particle  losses  of  less  than 
10%.  Consider  into  account  saturation  effects  all  magnetic 
fields  were  changed  synchronously.  Particle  losses  during 
the  acceleration  depends  on  the  resonator  voltage.  Figure 
2  shows  the  fraction  of  ions  stored  after  the  acceleration. 


0.0  I -  •  ■  - — ■ — 

0  400  800  1200 

U0[V] 


Figure  2:  Fraction  of  ions  stored  after  acceleration  from 
73.3  MeV  to  2f0  MeV  for  different  acceleration  voltages. 


The  maximum  attainable  energy  for  12Ca+  was  about 
300  MeV  corresponding  to  a  rigidity  of  1.44  Tm. 

Electron  cooling  was  applied  at  a  carbon  energy  of  130 
MeV  to  decrease  the  momentum  spread  after  acceleration 
from  8  •  10“3  to  1.5  •  10-4.  With  electron  cooling  a  hori¬ 
zontal  and  a  vertical  beam  diameter  of  about  1  mm  was 
obtained. 


3  THE  LOW-BETA  MODE 

The  application  of  internal  atomic  beam  targets  or  storage 
cells  demands  a  /3-function  at  the  position  of  the  target  to 
be  as  small  as  possible  to  increase  the  acceptance  angle:  In 
order  to  achieve  these  requirements  the  TSR  is  operated 
in  the  low-beta  mode.  This  mode  was  used  to  produce  a 
polarized  proton  beam  (E=23  MeV).  The  new  polarization 
method  is  based  on  spin  selective  attenuation  in  a  polar¬ 
ized  target  [6].  Electron  cooling  was  used  to  compensate 
heating  and  energy  losses  in  the  target.  The  longitudinal 
B-field  (0.02  T)  in  the  cooler  was  compensated  with  two 
correction  solenoids.  The  target  consists  of  a  Teflon  coated 
storage  tube  of  11  mm  diameter  and  250  mm  length,  cooled 
at  100  K.  To  determine  the  target  density  the  deceleration 
of  the  stored  proton  beam  without  electron  cooling  was 
measured.  A  typically  value  of  6  •  10 l3Hi/cm?  for  a  tar¬ 
get  polarization  of  0.8  was  achieved.  The  beam  lifetime  of 
the  protons  was  about  5  h  without  and  about  30  minutes 
with  polarized  gas.  These  measurements  result  in  an  ac¬ 
ceptance  angle  at  the  target  of  4  mrad.  A  proton  beam 
of  typically  0.8  mA  was  accumulated  with  electron  cool¬ 
ing  stacking.  After  one  hour  storage  time  a  polarization 
of  the  remaining  beam  (about  100  /iA  )  of  0.014  could  be 
measured  [6]. 


The  calculated  horizontal  (0m)  and  vertical  (/3y)  id- 
functions  and  the  dispersion  function  (D)  of  the  low- 
beta-mode  obtained  with  the  computer  code  MAD  [5]  are 
shown  in  figure  3.  The  calculations  predict  /3-functions  of 
/3a=0.8m  and  /3y=0.8m  at  the  target  position. 


0  10  20  30  40  50 


s[m] 


Figure  3:  Calculated (3- functions  and  dispersion  of  the  low- 
beta  mode. 


4  OPERATION  OF  THE  TSR  CLOSE 
TO  THE  TRANSITION  ENERGY 

A  new  operation  mode  close  to  transition  energy  was  also 
investigated,  since  for  sufficient  small  currents  and  strong 
cooling  intra  beam  scattering  (IBS)  is  expected  to  be 
strongly  suppressed,  as  already  observed  for  protons  in 
the  NAP-M  storage  ring  at  Novosibirsk  [7].  This  is  es¬ 
pecially  of  great  interest  for  the  laser  cooling  experiments 
performed  at  the  TSR. 

This  mode  can  be  obtained  by  increasing  the  dispersion 
function  in  the  dipole  magnets  up  to  8.8  m.  The  calcu¬ 
lated  dispersion  function  and  the  /3  functions  are  shown  in 
figure  4.  The  properties  of  this  mode  were  investigated  in  a 
few  beam  times  with  1JCa+  (63  MeV, 73  MeV)  and  protons 
(21  MeV).  Table  2  shows  a  comparison  between  typically 
measured  and  calculated  ring  parameters.  0  is  the  aver¬ 
age  value  of  the  /3-function  of  a  quadrupole  family.  This 
measurements  were  done  at  7*, =1.1. 

The  measured  value  of  the  dispersion  function  D(s )  at 
the  location  of  the  beam  profile  monitor  was  Dbpu  —  6m 
compared  to  the  theoretically  value  of  8.8  m  calculated 
with  the  computer  code  MAD  [5],  thus,  confirming  the 
need  of  generally  much  bigger  values  for  D(s)  than  for  the 
standard  operation  mode  at  ytr  =3.1. 

Using  a  beam  profile  monitor  and  a  Schottky  pick-up  equi¬ 
librium  values  of  the  emittances  and  the  momentum  spread 
for  an  electron  cooled  63  MeV  13Ca+  beam  and  a  21  MeV 
proton  beam  were  measured.  The  transverse  blow-up  of 
the  ion  velocity  distribution  after  switching  off  the  elec- 
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Figure  4:  Calculated  Twiss  parameters  of  the  mode  with 
"Hr  «  I- 


Table  2:  Calculated  and  measured  Twiss  parameters  of  the 
mode  with  -ytT  m  l . _ 


Experiment 

Theory 

Q - 
Qy 

7tr 

ft«,i,/3y,i[m] 
0B,2,Py,2[m ] 
/3.,3,/3y,3[m] 

/?»,<!  /3y,4[ml 

1.1 

3.39 

1.1 

3.7,12.3 

8. 9.5.4 

2.4  ,2.3 

21.4.3.9 

10.1.7.9 

1.11 

3.42 

0.99 
8.6,13.5 
18.2  ,4.7 
3.0, 2.5 
18.2,3.0 
8.6, 8.6 

tron  cooler  was  also  investigated  to  determine  IBS  heating 
rates.  Experimental  data  were  compared  with  theoreti¬ 
cal  predictions  by  calculating  the  equilibrium  and  blow-up 
with  a  suitable  IBS  computer  code  [8],  which  describes  the 
measurements  in  the  standard  mode  very  well.  In  the  7 tT- 
mode  however,  the  measured  equilibrium  emittances  were 
about  one  order  of  magnitude  higher  in  the  case  of  63  MeV 
1JC*+  and  21  MeV  protons  than  predicted  by  the  calcula¬ 
tions.  The  experimental  blow  up  of  the  horizontal  and  ver¬ 
tical  emittances  after  switching  off  the  electron  cooler  are 
also  much  too  high  than  predicted  by  IBS.  These  measure¬ 
ments  are  shown  in  figure  5  together  with  the  theoretical 
curve. 

One  reason  for  this  strong  heating  could  be  a  first  or¬ 
der  resonance  as  a  requirement  for  the  operation  near  the 
transition  energy  is  Q,  ss  7,,  as  1,  where  Qm  is  the  hori¬ 
zontal  tune.  Because  of  the  large  dispersion  function  in  the 
cooler  section  (D=8.8  m)  it  was  very  difficult  to  optimize 
the  electron  cooler.  These  insufficiencies  can  be  avoided 


Figure  5:  Experimental  horizontal  (•)  and  vertical  (U) 
blow-up  of  21  MeV  protons,  measured  at  7  p.A. 

with  an  improved  ring  setting. 
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Abstract 

A  new  scheme  for  direct  production  of  11C(T1/2=20min) 
and  1sO(T1/2=2min)  for  medical  purposes  is  studied  as  a  future 
plan  in  IBAL.  A  broad  sheet  beam  of  separated  stable 
isotopes  (120x10mm)  is  converted  into  an  almost  cylindrical 
synchronous  bunched  beam  of  high  intensity  (100mA)  and  is 
accelerated  in  a  low  energy  single  cavity  RF  accelerating  unit, 
in  order  to  lengthen  the  Mean  Free  Path  (MFP)  of  the 
separated  ions.  The  resulting  beam  is  directed  into  a  special 
Target  Ion  Source  (TIS)  and  is  exposed  to  a  cyclotron  beam 
of  protons  (deuterons)  with  relatively  high  intensity  (500|xA). 
The  bunching  unit  is  in-tune  with  that  of  the  cyclotron 
injection  device,  in  order  to  achieve  effective  results  of 
radioisotope  production.  The  high  concentration  of  produced 
radioisotopes  are  extracted  and  directed  into  a  strong 
analyzing  magnet  to  prevent  transportation  of  target  gas  and / 
or  undesired  impurities  into  medical  areas.  The  beam  line, 
including  focusing  magnets,  apertures,  the  special  ion  source 
and  vacuum  system  are  explained  in  brief.  Finally  a 
comparison  is  given  between  the  conventional  and  the  new 
design. 

I.  INTRODUCTION 

The  main  idea  of  going  for  the  new  system  comes  from 
the  problems  that  usually  occurs  when  a  radiochemical  lab 
becomes  a  necessity  in  short  lived  medical  radioisotope 
production  sites.  Eliminating  this,  and  offering  a  direct 
gaseous  usage  of  the  main  PET  radioisotopes,  viz.  "C  and  1sO, 
seems  to  be  a  method  with  a  reasonable  cost,  since  in  the  new 
method,  except  for  the  TIS,  all  neutron  polluted  areas  are 
omitted. 

In  a  typical  Electro-Magnetic  Isotope  Separator  (EMIS) 
designed  for  separation  of  light  elements,  ion  currents  higher 
than  100  mA  is  available  for  highly  abundant  isotopes,  and  for 
those  of  lower  abundance,  a  minimum  of  1  mA  is  a  reasonable 
figure.  If  the  separated  beam  is  cut  into  intense  bunches  of 
ions,  then  each  bunch  is  regarded  as  a  time-lapsed  target,  seen 
from  the  proton  beam  point  of  view.  This  requires  bunching 
frequencies,  harmonically,  of  the  same  order  as  the  proton 
beam;  i.e.  two  beams  should  be  properly  in-tune. 

Outcome  of  this  scheme  is  a  secondary  ion  beam  of 
desired  radioisotopes,  which  is  stopped  in  a  decelerating 
chamber,  then  pumped  out  with  efficiencies  less  than  30%  ("C 
is  stopped  and  oxidated  in  the  same  chamber). 


This  non-standard  on-line  configuration  is  capable  of 
easy  switching  between  14N(<Ln)1sO,  14N(p,a)"C  and  15N(p,n)150 
reactions  by  applying  a  slight  change  in  separator's  magnetic 
field.  This,  optimises  the  occupancy  of  the  cyclotron  beam, 
and  offers  a  selective  production  of  13N  and  18F,  as  well, 
provided  that  180-enriched  source  is  used  to  feed  the  EMIS. 
In  this  case,  either  of  1sO(p,a)13N  and  ieO(p,n)1BF  reactions 
could  be  selected.  This  versatility  is  a  promising  factor, 
although  drastic  production  rates  are  not  expected. 

II.  BEAM  LINE 

The  main  beam  line  consists  of  two  parts:  The  stable 
and  radioactive  beam  sections.  Optics-wise  it  is  sected  into  DC 
and  bunched  parts  (fig.  1),  therefore,  some  focusing  character¬ 
istics  are  different  for  quadruples  in  the  latter  section. 

Since,  delicate  focusing  is  not  required  for  isotope 
production,  obviously,  higher  order  focusing  elements  are 
omitted. 


A:  Beam  converter 

Design  of  a  sheet-to-cylinder  beam  converter  is  the 
dominant  focusing  task  in  the  DC  part.  The  undesired  shape 
of  the  sheet  beam  (mostly  a  bended  rectangle)  is  transfigured, 
using  an  electrostatic  set  of  crescent-like  electrodes,  followed 
by  a  rectangular  slit.  A  series  of  doublet-triplet  is  used  for 
reshaping  the  beam. 

B:  Bunching,  Pre-acceleration 

Proton  (deuteron)  beams  in  typical  dedicated  radioiso¬ 
tope  production  cyclotrons  are  bunched  with  frequencies  up 
to  60  MHz.  If  a  Harmonic  frequency  of  1 5  MHz  is  chosen  as 
the  bunching  frequency  of  the  separator  ion  beam,  then  each 
concentrated  group  of  ions  will  be  bombarded  with  4 
consecutive  bunches  of  protons.  This  number  can  be  raised 
to  desired  figures,  by  appropriate  selection  of  the  bunching 
mode. 

A  1 5  MHz  tuned  single  cavity  RF  accelerator  with  an 
energy  of  1 00  Kev  is  an  ideal  choice  for  this  purpose,  since 
it  is  also  quite  easily  available.  Such  a  unit  is  used  as  a  booster 
pre-accelerator,  in  order  to  extend  the  MFP  of  the  ions  before 
they  are  exposed  to  the  cyclotron  beam. 
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Fig.l  General  layout  of  the  new  EMIS-C  YCLOTRON  scheme  for  production  of  PET  nuclides 


C:  Target  Ion  Source  proton  beam  lines. 

Since  the  element  range  is  not  varied  for  the  separator 
The  ion-proton  junction  is  the  point  where  the  concept  beam,  the  extraction  efficiency  is  dedicatedly  upgraded  to 
of  the  new  method  is  realized.  A  modified  Jvdskyld  ion  guide  30%,  therefore,  higher  rates  of  production  is  achieved  in  this 
(fig.  2)  is  used  as  the  TIS  for  the  system  [  1 ,8J.  fn  the  original  specially  modified  ion  guide, 
ion  guide  a  skimmer  is  used  to  trim  the  excess  of  the  feed  gas, 

in  the  ionization  chamber.  In  the  modified  version  the  D:  Vacuum  System 

skimmer  is  drawn  out  ,  since  the  feeding  of  the  source  is 

supplied  from  the  separator  beam  and  a  skimmer  will  cause  The  pressure  gradient,  caused  by  the  difference  in  the 

remarkable  loss  of  ions.  The  exit  hole  of  the  primary  injection  vacuum  systems  used  in  three  different  beam  lines  (  i.e.  the 

stage  is  widened  so  that  the  beam  flow  is  made  easier  and  DC  beam,  the  bunched  ion  beam  and  the  proton  beam),  has  to 

overheating  of  the  ion  guide  is  avoided.  be  balanced  by  rather  tricky  methods. 

A  vacuum  pump  is  attended  to  the  proton-stopper  end  Normally  the  gas  pressure  in  a  separator  hardly  goes 

of  the  source,  to  collect  recombined  H  atoms  from  the  lower  than  1  O'4  Pa,  where  in  a  bunched  ion  beam  line  it  should 

ionization  chamber,  and  to  maintain  the  pressure  drop  caused  be  kept  lower  than  5  I  O'6  Pa,  at  least,  to  obtain  good  beam- 

by  the  difference  in  the  vacuum  systems  of  the  ion  and  the  transport  conditions.  In  this  sense  the  reshaping  of  the  DC 
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Abstract 

The  paper  describes  the  details  of  the 
Chandigarh  Variable  Energy  Cyclotron  and  its 
application  to  trace  element  analysis  using 
PIXE  Technique.  The  various  samples  of 
water  and  Air  of  Chandigarh  and  nearby 
regions  have  been  analyzed  using  2-4  MeV 
Proton  beam  from  this  Cyclotron.  The 
importance  of  the  analysis  of  a  few 
Biological  and  Archeological  samples  has 
also  been  discussed.  The  application  of 
this  technique  is  also  being  exploited  for 
identification  of  forged  ancient  coins. 

I.  INT0DUCT10N 

The  Variable  Energy  Cyclotron  at 
Chundigarh  [1]  has  now  been  functioning  with 
resolved  beams  of  protons,  deuterons,  alphas 
and  IIe-3.  The  beams  of  protons  of  energy 
from  1  to  5  MeV,  deuterons  of  4  MeV,  alphas 
from  7  to  8  MeV  and  lle-3  upto  11  MeV  have 
been  obtained  at  the  target.  This  paper 
describes  the  various  features  of  the 
cyclotron  and  the  characteristics  of  the 
accelerated  particles.  The  recent  use  of 
this  machine  for  trace  element  analysis 
using  Proton  Induced  X-ray  Technique  has 
also  been  discussed. 

II.  MAIN  FEATURES  OF  THE  CYCLOTRON 

The  machine  at  Chandigarh  is  adapted 
and  built  out  of  the  components  of  the 
variable  energy  cyclotron  at  the  University 
of  Rochester,  Rochester,  New  York,  USA.  It 
is  single  Dee  classical  cyclotron  with 
arrangement  for  variable  frequencies  from  10 
to  20  MHz,  and  a  main  magnetic  field  upto  a 
maximum  cf  14  K  Gauss.  This  permits  the 
variability  of  the  energy  of  the  various 
accelerated  Ions.  The  layout  plan  of  the 
whole  set-up  Is  shown  in  figure  1.  Figure  2 
shows  the  variation  of  the  typical  beam 
currents  of  the  various  ions  at  different 
radii  from  the  center  of  the  cyclotron. 
Figure  3  and  4  shows  the  gamma-ray  and 
charged  Particle  spectra  taken  with  protons 
on  the  specpure  A1  target.  The  y-ray 
spectra  were  taken  at  90°  to  the  beam 
direction  with  the  help  of  50  cc  Ge(Li) 
detector  to  avoid  broadening  of  the  peaks 
due  to  Doppler  shltt  and  chargod  particle 
spectra  wore  taken  with  300  urn  thick  silicon 
surface  barrier  detector. 

III.  EXPERIMENTS  WITH  MACHINE 

At  present  three  types  of  experiments 
ure  being  done  with  this  machine  which  are 
described  below. 

(A)  In-beam  spectroscopy  using  proton  and 

llea  induced  reactions. 

In  these  experiments,  we  have  studied 
the  angular  distribution  of  resulting  y  - 
rays  from  the  excited  nuclei  formed  by  (p,p' 


Drj.Z.  VARIATION  OF  INTERNAL  OEAM  CURRENTS 
INSIDE  THE  CHAMBERS 

T),(P,nf  )»(P»a('/)  reactions  and  similarly 
with  alphas  by  (  o<  ,  p  V  ),(<*,  n  y  )  and  (<*,<*', 
#)  reactions.  The  angular  momentum  and 
lifetimes  of  various  excited  states  are 
measured  using  the  computer  code  CINDY  and 
DSAM  techniquel 2-4  ]  . 

(II)  Coulomb  Excitation 

The  phenomena  of  Coulomb  excitation 
takes  place  when  protons  or  oc  -  particles 
Interact  with  the  target  nucleus  with  the 
energy  lower  than  the  Coulomb  barrier.  Many 
cases  of  Coulomb  excitation  have  been 
studied  and  reported  in  literature[5-6] 
using  protons  as  projectiles. 
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county  p*r  c^Cfv-^i. 


(C)  Proton  Induced  X-ray  Emission  Technique 


SPECTRUM  OF  SPINACH 


In  this:  technique,  the  Interaction 
between  target  material  and  the  incident 
beam  of  Protons  or  Alphas  results  in  the 
emission  of  X-rays.  These  X-rays  are  then 
detected  bv  a  Si(Lt)  detector  at  Liquid 
Nitrogen  temperature.  The  energies  and 
intensities  of  the  characteristic  X-rays 
gives  the  information  about  the  presence  und 
the  concentration  of  the  trace  elemert  in 
the  target  material. 

Figure  5  show  the  .fxE  s?ect»u:.i  of  NBS 
standard  Spinach  .ample.  The  analysis  of 
spinach  standard  s  ••'■»■»*:  the  presence  of  Al, 
Cl,  K,  Cu  und  Fe  .  Out  of  those  K  Ims 
maximum  relative  percentage  of  63.481 
followed  by  Ca  (30.65%),  Cl  (3.83%),  Fe 
(1.38%)  and  Al  (0.66%).  These  results  are 
In  agree  in  ont  with  the  standard  data  and 
hence  allows  the  confidence  In  our  results. 


Wljurt  )  Tymcal  gnnmin  reyl  tprtlrt  Jao  lu  "Al  { p .  />'  y)  at  l.t  —4-03  MoV 


Ktfwt  i  Prtuen  spectrum  from  "Al  ( p.  p‘  vt 
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Tig. 6 

Ak  a  first  case,  this  technique  was 
used  to  study  the  water  pollution  of  the 
different  places  in  Patiala  District  in 
India[7).  The  PIXE  spectrum  of  typical  two 
water  samples  are  shown  In  Figure  6-7.  The 
fable  1  shows  various  polluents  and  their 
relative  percentage  in  there  two  samples  In 
all  the  samples,  the  common  polluents  are 
found  to  be  K,  Ca,  S  with  the  relative 
percentage  of  K  as  maximum.  Element  K,  Ca , 
S,  Cr,  Fe  are  essential  for  many  defficiency 
disease  is  known  for  each  but  may  not  always 
result  from  an  n.d equate  diet.  Co  Is 
physiological  active  only  In  the  form  of 
vitamin  Bj  2  •  In  audition  to  these  Mn,  V, 
Ni,  Si  have  been  shown  by  highly  artificial 
isolator  system  to  be  essential  for  animals. 
Human  defficiency  disease  Is  not  known  for 
many  of  these  minor  trace  elements. 
Therefore,  trace  element  analysis  of  water 
samples  using  PIXE  technique  is  quite  useful 
in  the  diagnosis  of  various  types  of 
diseases  in  animals  and  human  beings. 


VT  A  T  £  R 
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Abstract 

Recent  advances  in  the  ability  to  deliver  boron-containing 
drugs  to  brain  tumors  have  generated  interest  in  *4  MeV  linacs 
as  sources  of  epithermal  neutrons  for  radiation  therapy.  In 
addition,  fast  neutron  therapy  facilities  have  been  studying 
methods  to  moderate  their  beams  to  take  advantage  of  the  high 
cross  section  for  epithermal  neutrons  on  boron- 10.  This  paper 
describes  the  technical  issues  involved  in  each  approach  and 
presents  the  motivation  for  undertaking  such  studies  using  the 
Fermilab  linac.  The  problems  which  must  be  solved  before 
therapy  can  begin  are  outlined.  Status  of  preparatory  work  and 
results  of  preliminary  measurements  are  presented. 

I.  INTRODUCTION 

Despite  the  efforts  of  many  researchers,  the  prognosis 
for  a  patient  diagnosed  with  an  inoperable  advanced  brain 
tumor  (glioma)  is  dismal.  The  difficulty  with  using  radiation 
therapy  is  that  the  tumor  propagates  by  sending  out 
microscopic  clusters  of  cells  close  to  the  main  body  of  the 
tumor.  Even  when  the  gross  tumor  is  killed  by  radiation  these 
clusters  continue  to  grow.  If  a  large  margin  is  included 
around  the  gross  tumor  it  is  possible  to  destroy  the  clusters, 
but  the  process  causes  unacceptable  damage  to  the  healthy 
tissue  in  which  the  clusters  are  embedded.  Hence,  it  is 
advantageous  to  sensitize  the  tumor  cells  to  radiation  without 
sensitizing  the  healthy  cells.  One  way  to  sensitize  the  tumor 
is  to  introduce  into  the  body  a  compound  containing  boron- 10. 
Depending  on  the  exact  nature  of  the  carrier,  boron-10  will  be 
absorbed  by  various  parts  of  the  body,  including  the  tumor. 
However,  healthy  brain  tissue  will  not  absorb  the  compound 
because  it  is  protected  by  the  blood-brain  barrier.  When  the 
brain  is  exposed  to  neutron  radiation  the  large  cross  section  for 
interactions  between  thermal  neutrons  and  boron-10  will  result 
in  a  larger  dose  to  tumor  than  healthy  tissue.  This  form  of 
radiation  therapy  is  called  boron  neutron  capture  therapy 
(BNCT). 

In  recent  years  the  Department  of  Energy  has  been 
supporting  research  in  the  development  of  boron 
pharmaceuticals,  and  a  number  of  drugs  are  ready  or  nearly 
ready  for  clinical  trials.  In  addition,  several  reactors  have  been 
modified  to  provide  neutrons  for  early  clinical  trials  [1]  and 
work  is  proceeding  on  a  tandem  cascade  accelerator  [2]. 
However,  much  remains  to  be  done  in  developing  accelerator 
sources  needed  to  make  BNCT  more  widely  available.  Because 
of  the  high  currents  needed  to  achieve  adequate  dose  rates, 
proton  linacs  are  well  suited  for  this  application. 


♦Operated  by  the  Universities  Research  Association,  Inc., 
under  contract  No.  DE-AC02-76CH03000  with  the  U.  S. 
Department  of  Energy. 


D.  PRODUCTION  NEAR  THRESHOLD 

The  present  consensus  is  that  the  optimum  neutron 
energy  for  BNCT  is  in  tens  of  keV.  In  this  energy  range 
neutrons  will  penetrate  the  skull  and  be  tbermalized  by  the 
time  they  reach  the  tumor.  One  approach  is  to  produce 
neutrons  at  an  energy  as  close  as  possible  to  the  keV  range  in 
order  to  minimize  the  need  for  moderating  material.  Recent 
progress  in  the  technology  of  radiofrequency  quadrupole 
(RFQ)  linacs  and  the  1.8  MeV  production  threshold  for  the 
7Li(p,n)7Be  reaction  have  led  to  the  hope  that  a  2.5  MeV 
RFQ  could  accelerate  protons  which  would  strike  a  lithium 
target  to  produce  the  neutrons[3].  Despite  a  great  deal  of 
interest  in  this  approach,  the  critical  problems  remain 
unsolved.  Estimates  of  the  average  proton  current  required  for 
acceptable  dose  rates  range  from  5  to  30  milliamperes  [2], [4], 
This  uncertainty  is  largely  due  to  uncertainties  in  the  relative 
biological  effectiveness  (RBE)  of  neutrons  in  tissue  at  these 
energies.  Current  requirements  decrease  with  increasing  RBE, 
but  until  at  least  one  prototype  is  constructed  the  RBE’s 
cannot  be  measured.  In  addition,  a  moderating  system  must 
be  incorporated  to  accommodate  the  fact  that  the  neutrons 
produced  in  this  reaction  are  too  energetic.  A  number  of 
moderating  schemes  have  been  proposed  but  they  cannot  be 
evaluated  until  an  accelerator  becomes  available.  Finally,  the 
problem  of  cooling  the  lithium  target  is  unlikely  to  be  solved 
within  reasonable  economic  constraints,  and  the  safety  issues 
related  to  using  lithium  in  a  clinical  environment  are 
formidable. 

The  difficulties  associated  with  a  lithium  target  have  led 
to  interest  in  using  a  beryllium  target  Beryllium  has  a  higher 
melting  point  than  lithium,  is  easier  to  cool,  and  has  been 
used  successfully  in  clinical  fast  neutron  therapy  facilities. 
The  neutron  production  threshold  for  protons  impinging  on  a 
beryllium  target  is  2.2  MeV  and  the  yield  becomes  comparable 
to  a  lithium  target  yield  at  about  4  MeV.  Using  4  MeV 
protons  and  a  beryllium  target  produces  even  more  energetic 
neutrons  than  the  system  described  above.  Monte  Carlo 
studies  indicate  that  the  spectrum  can  be  moderated  to  reduce 
the  high  energy  component  [5]  but  no  work  is  being  done  on 
designing  a  4  MeV  proton  source  for  BNCT.  It  is  believed 
that  a  4  MeV  RFQ  is  unpractical  and  that  a  drift  tube  linac 
(DTL)  is  required.  Use  of  a  DTL  with  a  beryllium  target  will 
solve  the  technical  issues  associated  with  the  target  but  the 
questions  relating  to  specifying  an  appropriate  proton  current 
remain  unanswered.  The  most  economical  approach  is  to 
identify  an  existing  4  MeV  accelerator  and  use  it  and  a 
prototype  moderating  system  to  measure  RBE’s  and  dose  rates. 
Such  experiments  would  provide  the  data  needed  to  extrapolate 
to  the  DTL  operating  parameters  with  confidence.  This  step  is 
critical  for  the  continued  evolution  of  compact  neutron  sources 
for  BNCT. 
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HI.  SPALLATION  SOURCES 

The  targeting  schemes  described  above  attempt  to 
produce  neutrons  at  low  energies  to  minimize  moderation 
requirements  at  the  expense  of  requiring  high  primary  beam 
currents.  An  alternate  approach  is  to  build  a  spallation  source 
for  which  relatively  low  currents  produce  large  neutron  fluxes 
at  high  energies  requiring  a  great  deal  of  moderation. 
Researchers  at  Paul  Scherrer  Institute  have  been  using  a  72 
MeV  cyclotron  to  test  target  and  moderating  systems  [6].  They 
have  the  advantage  of  access  to  an  existing  accelerator  and  have 
actually  used  a  number  of  heavy  targets  with  various 
moderating  schemes  to  measure  neutron  spectra  and  photon 
contamination.  Their  80  microampere  beam  is  believed 
adequate  to  produce  an  acceptable  dose  rate  but  a  70  MeV  linac 
operating  at  about  200  microamperes  would  be  an  ideal  proton 
source  for  this  approach.  Operating  parameters  for  a 
multipurpose  70  MeV  medical  proton  linac  have  been 
described  elsewhere  [7], 

IV.  FAST  NEUTRON  THERAPY  BOOST 

The  neutron  therapy  facility  (NTF)  at  Fermilab  uses  a  Be 
target  and  66  MeV  protons  from  a  DTL  to  produce  fast 
neutrons  for  radiation  therapy.  NTF  conducted  clinical  trials 
treating  gliomas  with  fast  neutrons  from  1979  until  1989.  In 
many  cases  patients  experienced  remarkable,  but  temporary 
improvement.  Autopsies  showed  that  neutrons  were 
successful  in  killing  the  tumors  and  that  the  patients  died  from 
necrosis  of  nearby  healthy  tissue  [8].  With  the  existing  fast 
neutron  beam  is  was  not  possible  to  establish  a  therapeutic 
window  for  a  long-term  cure  -  that  is,  enough  dose  to  destroy 
the  tumor  without  causing  unacceptable  damage  to 
neighboring  healthy  tissue.  However,  it  is  possible  that  a 
dose  enhancement  of  as  little  as  10  or  20%  from  the 
introduction  of  boron  into  the  tumor  would  open  the 
therapeutic  window. 

The  cross  sections  for  neutron-  10B  interactions  decrease 
with  increasing  energy,  so  it  is  not  expected  that  boron  would 
enhance  the  dose  due  to  the  higher  energy  neutrons.  However, 
preliminary  phantom  studies  at  NTF  using  Fricke  dosimetry 
and  gold  foils  show  a  peak  in  the  thermal  component  at  5  to 
10  cm  in  tissue.  These  studies  also  show  that  introduction  of 
one  inch  of  iron  into  the  beam  has  little  effect  on  the  thermal 
component  at  shallow  depths  but  reduces  it  by  20%  deeper  in 
tissue  [9].  Further  studies  must  be  done  to  measure  the 
absolute  thermal  flux  and  to  determine  whether  an  iron  filter 
can  be  used  to  limit  the  thermal  dose  to  distal  healthy  tissue. 
One  possibility  for  enhancing  the  thermal  component  is  to 
introduce  20-30  cm  of  D2O  into  the  beam.  In  evaluating  this 
technique  one  must  consider  not  only  the  resulting  energy 
spectrum  but  the  possible  loss  of  collimating  ability.  Fast 
neutron  therapy  relies  on  collimation  to  reduce  healthy  tissue 
dose.  Epithermal  and  thermal  beams  scatter  throughout  the 
entire  brain  regardless  of  upstream  collimation.  Hence,  the 
goal  is  to  shift  the  NTF  energy  spectrum  downward  to  enhance 
the  probability  of  thermalization  in  tissue  while  perturbing  the 
beam’s  angular  distribution  as  little  as  possible. 

Previous  attempts  to  measure  the  energy  spectrum  of 
this  beam  have  been  hampered  by  the  200  MHz  beam 


structure.  The  beam  arrives  at  detectors  in  one-nanosecond 
micropulses,  five  nanoseconds  apart  for  a  total  of  57 
microseconds,  and  this  pattern  is  repeated  15  times  per  second. 
This  structure  and  the  ~8  meter  neutron  flight  path  have 
precluded  the  use  of  time-of-fligbt  techniques.  In  addition,  the 
types  of  detectors  normally  used  with  Bonner  spheres 
experience  saturation  effects  with  these  instantaneous  dose 
rates.  To  address  this  issue  studies  are  being  conducted  on  a 
beam  chopper  which  would  allow  individual  micropulses  to  be 
accelerated  through  the  linac  at  a  15  Hz  rate  [10].  These 
studies  include  not  only  the  design  of  the  chopper  but  also  the 
installation  of  diagnostics  which  are  sensitive  to  the  relatively 
low  currents  transmitted  by  the  chopper.  Once  the  chopper  is 
working  the  energy  spectrum  will  be  measured  and  it  will  be 
possible  to  use  existing  computer  codes  to  design  an  energy 
degrader. 

In  addition  to  measuring  the  energy  spectrum  it  is 
necessary  to  develop  dosimetry  techniques  to  study  the  relative 
contribution  of  fast  and  thermal  neutrons  to  the  total  dose  as  a 
function  of  depth  in  a  phantom.  This  must  be  done  for  the 
existing  beam  so  that  it  can  be  compared  to  a  newly  designed 
degraded  beam.  Techniques  will  include  foil  activation  studies, 
Fricke  dosimetry,  measurements  with  miniature  tissue 
equivalent  detectors  and  appropriate  thermoluminescent  detector 
systems.  Finally,  biophysical  studies  with  boronated  cell 
culture  systems  and  rodent  tumors  must  be  done  to  check  the 
efficacy  of  using  boron- 10  to  enhance  tumor  dose  from  the 
NTF  beam.  Similar  biophysical  studies  at  a  fast  neutron 
facility  in  Essen  have  shown  the  dose  enhancement  in  animals 
to  be  greater  than  expected  from  calculations  based  on 
conventional  dosimetry  [11],  Hence,  the  results  of  the 
biophysical  studies  are  very  important  in  establishing  a 
prescribed  dose  to  humans. 


V.  CONCLUSIONS 

Present  schemes  for  accelerator-produced  neutron  beams 
for  BNCT  use  trade-offs  between  lower  yield  reactions  with 
neutron  energies  as  close  as  possible  to  epithermal  energies 
and  higher  yield  reactions  with  higher  energy  neutrons.  Proton 
linacs  play  an  important  role  in  both  scenarios.  However, 
before  linacs  can  be  used  for  BNCT  a  great  deal  of  work  must 
be  done.  In  some  cases  it  would  be  good  to  use  data  from 
existing  lower  current  accelerators  to  obtain  the  information 
needed  to  design  practical  systems. 
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Abstract 


H.  DEFINING  THE  PROTON  BEAM 


Beam  scanning  in  proton  radiotherapy  facilities 
imposes  stringent  requirements  on  the  accelerator  and  beam 
transport  system  performance.  We  will  report  on  a  study  of 
the  interrelationship  between  the  beam  quality  presented  to 
the  scanning  system  and  the  quality  of  the  dose  delivered  to 
the  desired  target  volume.  The  constraints  on  the  accelerator 
will  be  quantitatively  specified  so  the  clinical  specifications 
will  be  met. 


I.  INTRODUCTION 

The  use  of  proton  accelerators  for  radiotherapy  allows 
full  three-dimensional  conformal  treatment  of  a  tumor 
volume  by  sweeping  a  pencil  beam  transversely  and  longitu¬ 
dinally,  filling  the  volume  to  the  desired  dose.  Scanning  the 
beam  transversely  by  magnetic  deflection  and  longitudinally 
by  changing  the  accelerator  energy  allows  optimal  shaping  of 
the  dose  distribution  in  the  target  volume  and  minimizing  the 
dose  outside.  This  can  be  achieved  with  full  electronic  com¬ 
puter  control  without  mechanical  beam  modifying  devices 
such  as  scattering  foils,  range  shifters  or  collimators.  The 
longitudinal  dose  distribution  is  given  by  the  Bragg  curve, 
which  peaks  at  the  distal  end,  followed  by  a  small  tail  due  to 
energy  straggling.  The  transverse  size  of  a  single  pencil 
beam  spreads  as  the  beam  proceeds  toward  the  distal  Bragg 
peak,  widening  the  transverse  falloff  downstream  and  reduc¬ 
ing  the  dose  along  the  axis  for  any  one  beamlet. 

The  raster  scanning  method  chosen  here  uses  velocity 
modulation  iastead  of  inteasity  modulation  of  the  beam.  This 
offers  the  following  advantages: 

•  No  modulation  of  the  accelerator  intensity  is 
required. 

•  The  good  dynamic  range  provides  the  high  occu¬ 
pation  function  values  required  at  the  edges  of  (he 
dose  volume. 

•  The  non-periodic  line  scan  rate  minimizes  the 
effect  of  periodic  ripple  modulation  of  the  beam 
intensity  from  the  accelerator. 

Velocity  modulated  scanning  requires  that  the  acceler¬ 
ator  beam  intensity  fluctuations  and  position,  angular  and 
energy  modulation  be  within  prescribed  limits  in  order  to 
meet  the  accuracy  requirement  of  the  dose  prescription.  A 
simulation  was  performed,  filling  a  dose  volume  with  beam 
subject  to  the  above  beam  errors,  and  also  subject  to  slew 
rate  limitations  of  the  scanner  itself. 


*Tlii*  work  wn  supported  in  part  by  the  Lawrence  Berkeley  Laboratory  by 
funds  from  the  Director's  Office  and  by  tlie  National  Institutes  of  Health 
grant  #CA.V»32 


The  model  pencil  proton  beam  includes  small-angle 
scattering,  energy  straggling  and  losses  due  to  nuclear 
interactions.  The  spread  out  Bragg  peak  (SOBP)  requires 
beams  of  several  energies  to  be  overlaid  to  produce  a  smooth 
longitudinal  dose  profile  and  to  minimize  the  entrance  dose. 
Scattering  spreads  the  beam,  and  nuclear  interactions  attenu¬ 
ate  the  beam  along  the  path  (the  dosage  effect  of  nuclear 
interactions  is  not  taken  into  account  in  these  simulations). 
The  Bragg  peak  is  broadened  by  energy  straggling,  the  peak 
is  shifted  upstream,  direction,  and  a  small  distal  tail  is  pro¬ 
duced. 

To  facilitate  the  simulation  calculation,  the  energy 
deposition  function  and  rms  beam  width  of  pencil  beams 
over  the  entire  energy  range  are  pre -calculated,  using  the 
usual  scattering  and  energy  straggling  formulae[l].  Each 
beam  starts  with  transverse  betatron  and  energy  spread 
parameters  characteristic  of  the  beam  emerging  from  a  realis¬ 
tic  accelerator  and  beam  transport  system:  xeXJ  =4*  cm- 
mrad,  pxy  =  1  meter,  aXJI  =0,  and  negligible  energy  spread. 


Figure  1 .  Energy  Loss  Function 

Figure  1  shows  the  energy  loss  along  the  beam  axis  for 
ranges  from  5  to  30  cm  in  water.  The  energy  loss  is 
integrated  over  the  x  and  y  planes  transverse  to  the  direction 
of  motion,  and  attenuation  due  to  nuclear  interactions  is 
included. 

III.  OPTIMIZATION  PROCEDURE 

The  dose  distribution  D  is  a  three-dimensional  convo¬ 
lution  of  a  density  function  F  with  the  beam  distribution  P: 
D(x,yj)  =  F®P.  An  optimization  procedure  is  needed  to 
determine  how  the  target  volume  is  best  filled  by  pencil 
beams  assuming  no  restrictions  are  imposed  by  the  scanning 
system  or  the  accelerator.  The  procedure  consists  of  finding 
the  function  F  which  delivers  the  required  dose  to  the  target 
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volume  while  maximizing  the  lateral  and  distal  falloffs.  We 
have  used  an  optimization  procedure  developed  by 
Brahme[2]  and  by  Lind[3].  The  function  F  is  approximated 
through  an  iteration  process 

Fq  =  Do 

F„+l  =  C[F„+a(D0-F„®P)]. 

Here,  D0  is  the  desired  dose  distribution,  C  is  a  constraint 
operator  guaranteeing  non-negative  occupation  function 
amplitude,  and  a  is  a  convergence  speed  parameter. 

This  method  of  determining  the  occupation  function  F 
has  two  advantages  over  other  optimization  methods: 

•  F  is  non-negative, 

•  D  is  never  smaller  than  the  desired  dose  D0 
within  the  treatment  volume  at  the  scanned  points. 

•  The  dose  outside  the  treatment  volume  is  minim¬ 
ized. 

The  function  F  is  the  irradiation  or  Bragg  peak  density 
defined  throughout  the  volume  and  describes  the  amount  of 
beam  deposited  in  the  volume  with  the  center  of  the  Bragg 
peak  at  a  particular  location.  F  can  also  be  viewed  as  a  beam 
occupation  distribution  which  can  be  directly  used  to  control 
a  voxel  scanning  system. 

As  an  illustration,  a  one-dimensional  example  is  given. 
A  gaussian  beam  irradiates  a  line  segment  to  give  a  uniform 
dose  for  0 ^ x  ^  50  and  no  dose  for  50<x  <  100.  Figure  2 
shows  the  beam  half-profile  (dashed)  and  the  occupation 
function  (solid  line),  the  time  spent  along  the  line  segment  by 
the  beam,  the  inverse  of  the  scanning  velocity,  as  it  sweeps. 
Note  that  the  occupation  function  has  a  peak  at  the  edge  and 
oscillates  within  the  dose  area.  This  occupation  function 
assures  that  full  dose  (dot-dash)  is  given  inside  the  required 
dose  volume,  and  the  width  of  the  fall-off  is  minimized. 


Figure  2.  Dose,  Occupation  Function 

We  have  simulated  a  raster  scanner  scanner  system  in 
which  each  layer  of  target  volume  is  transversely  scanned  as 
shown  in  Figure  3. 

The  idealized  dose  distribution  without  imperfections 
was  first  determined  for  a  fixed  raster  scanning  pattern  con¬ 
sisting  of  zig-zag  pattern  with  a  10  mm  separation  at  the 


tum-around  points.  The  accelerator  and  beam  transport  sys¬ 
tem  energy  is  changed  for  each  layer.  Typically,  layers  are 
separated  in  range  by  5  mm  and  as  many  as  60  layers  may  be 
used. 

The  sweep  velocity  is 
modulated  to  vary  the  pixel  dose. 
The  raster  pattern  is  conserved  by 
keeping  the  ratio  of  the  horizontal 
and  vertical  sweep  velocities  con¬ 
stant.  This  pattern  requires  the 
smallest  slew  rate  to  cover  the 
dose  area.  The  maximum  slew 
rate  requirement  of  the  scanning 
magnets  is  specified  at  10  times 
the  average,  with  no  lower  limit  to 
provide  high  dose  capability  to 
selected  pixels,  particularly  at  the 
edges. 

For  simulation  of  the  raster  scan  the  density  function  F 
is  defined  along  the  zig-zag  scan  lines  only  and  is  determined 
by  an  iteration  procedure  as  described  above.  The  linear 
sweep  velocity  is  the  inverse  of  the  occupation  function  F  for 
each  voxel  on  the  scan  line.  The  calculations  were  done  on  a 
1  mm  transverse  grid  with  a  5  mm  longitudinal  spacing. 
About  20  iterations  are  necessary  for  F  to  converge. 


Figure  4.  Bragg  Peak  Density  Function  F 

Figure  4  shows  the  optimized  Bragg  peak  density  func¬ 
tion  on  a  plane  perpendicular  to  (he  scan  plane  and  through 
the  central  axis  of  the  radiation  field. 

IV.  SENSITIVITY  TO  FLUCTUATIONS 

The  goal  of  this  study  is  to  evaluate  the  dose  distribu¬ 
tion  subject  to  imperfections  in  the  scanned  beam  such  as 
intensity  fluctuations  and  scanning  system  limitations. 


r- - — — — - - — i 


Figure  3. 
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We  have  simulated  the  actual  dose  distribution  with 
limited  maximum  slew  rate  of  the  sweep  magnets  and  with 
realistic  fluctuations  in  the  accelerator  beam  intensity.  The 
maximum  sweep  rate  capability  is  specified  at  10  times  the 
average  sweep  rate,  which  satisfies  the  requirement  of  the 
occupation  function  calculated  in  the  treatment  planning  pro¬ 
cess. 

The  perturbed  dose  distribution  using  F  was  then  cal¬ 
culated  by  imposing  maximum  slew  rates  on  the  scan  velo¬ 
city  and  introducing  beam  intensity  fluctuations. 

The  accelerator  beam  intensity  fluctuation  is  defined 
within  a  moving  time  window[4].  Ripple,  intensity  spikes 
and  random  variations  are  averaged  within  a  moving  time 
window.  This  reflects  the  integrating  effect  of  a  finite  beam 
width  as  it  moves  along  its  path.  In  our  example,  a  beam 
with  an  rms  size  of  3-8  mm  moves  over  a  1300  mm  path  in 
one  second.  The  maximum  fluctuations  within  the  window 
are: 


Window 

Fluctuation 

200  //sec 
100 //sec 
<25  //sec 

<±20% 

<±100% 

<5xl06  in  25  //sec 

For  a  moving  time  window  shorter  than  25  //second, 
the  number  of  particles  permitted  in  an  intensity  spike  is  lim¬ 
ited  as  shown.  Full  r.f.  modulation  of  the  beam  is  permitted, 
as  it  will  occur  at  a  megaHertz  rate,  and  r.f.-on  spill 
simplifies  the  synchrotron  beam  spill  monitoring  function. 

Figure  5  shows  the  dose  distribution  for  a  ±20%  inten¬ 
sity  fluctuation  within  a  200  //second  traveling  window,  a 
scanner  slew  rate  limitation  of  10  times  the  average  rate,  and 
with  an  additional  180  Hz  ripple  modulating  the  intensity  by 
30%.  This  distribution  differs  by  no  more  than  3%  from  a 
dose  distribution  with  no  perturbations  ;ind  unlimited  scanner 
slew  rate. 


Figure  5.  Dose  Distribution  with  Nominal  Perturbations 

Additional  perturbations  were  applied  to  the  beam  and 
limitations  applied  to  the  maximum  scanning  rate.  The  table 
lists  the  effect  on  the  dose  distribution  in  each  of  these  cases. 


The  fluctuation  a  defines  the  random  intensity  variations 
within  a  25  //second  window.  When  a  =  0.35,  the  ±20% 
variation  integrated  in  a  200  //second  window  is  achieved. 

The  error  indicated  is  the  maximum  deviation  at  any 
one  point  of  the  achieved  dose  distribution  with  the  added 
fluctuations  or  scanner  slew  rate  limitation  from  the  distribu¬ 
tion  with  no  fluctuations. 


Simulation  Parameter 

Error 

Max  sweep  velocity  =  2  x  average 

2% 

Max  Sweep  velocity  =  1.2  x  average 

40% 

Fluctuation  a  =  0.35  and  30%  180  Hz  ripple 

3% 

Fluctuation  cr  =  1.05  and  no  a.c.  ripple 

4% 

Fluctuation  a  -  0.35  and  100%  180  Hz  ripple 

7% 

Fluctuation  a  =  0.35  and  30%  60  Hz  ripple 

7% 

Fluctuation  a  -  0.35  and  100%  60  Hz  ripple 

19% 

V.  CONCLUSIONS 

This  simulation  study  shows  that  a  3-D  dose  distribu¬ 
tion  can  be  delivered  by  a  velocity  modulated  raster  scanning 
system  without  the  use  of  an  intensity  modulator  or  collima¬ 
tor.  Velocity  modulation  serves  well  for  distributing  a  pencil 
beam  as  required  by  the  occupation  function  which  peaks  at 
the  outside  edges.  A  maximum  sweep  velocity  of  several 
times  the  average  seems  to  be  sufficient.  Depending  on  the 
beam  diameter,  target  volume  size  and  sweep  velocity, 
effects  of  beam  intensity  fluctuations  and  ripple  are  washed 
out  to  a  large  degree  due  to  the  large  overlap  of  beam 
between  different  scan  lines  and  layers  and  the  non-periodic 
line  scan  rate. 
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Abstract 

A  preliminary  study  has  reviewed  much  of  the  pertinent 
data  on  the  required  radiation  shielding  and  radioactivation 
processes  associated  with  the  operation  of  a  70-250  MeV 
proton  accelerator  to  be  used  for  cancer  therapy.  As  a  result,  a 
“tool  kit”  has  beat  prepared  for  designing  appropriate 
shielding  and  evaluating  radiation  hazards  from  activation 
mound  such  accelerators  It  includes  general  principles,  a 
simple  desktop  computer  program  for  preliminary  facility 
design  and  the  use  of  the  LCS  Monte  Carlo  program.  The 
anticipated  integration  of  the  ORIHET  program  with  LCS 
will  provide  detailed  activation  information. 

I.  INTRODUCTION 

One  new  accelerator  for  proton  radiation  therapy  is 
already  operational  at  the  Loma  Linda  University  Medical 
Center,  and  two  more  are  in  the  late  planning  stage.  These  are 
expected  to  have  similar  proton  beams:  average  currents  up  to 
20  nA  and  energies  from  70  to  250  MeV.  The  LLUMC 
facility  can  be  used  as  a  paradigm  for  studying  radiation 
protection,  even  though  other  facilities  may  include  different 
types  of  accelerators  and  facility  designs. 

The  technical  concerns  include:  a)  Projected  changes  in 
limits  on  radiation  exposure  for  both  occupational  personnel 
and  the  general  public,  together  with  the  possible  impact  of 
proposed  new  quality  factors  for  neutrons  b)  Identification 
of  source  terms  for  fast  neutrons  (and  gamma  rays)  with 
respect  to  location,  intensity,  directionality,  and  energy 
spectrum.  Accelerator  physics  input  and  experience  are  needed, 
c)  Verification  of  the  attenuation  properties  of  shielding 
materials  for  the  radiation  of  concern,  principally  neutrals,  by 
experimental  and  theoretical  methods,  d.)  Determination  of  thie 
reduction  of  dose  equivalent  by  ducts  and  mazes  needed  in  a 
radiation  therapy  facility,  e)  Evaluation  of  the  radioactivation 
hazard  especially  that  which  occurs  in  the  treatment  rooms 
and  can  affect  clinical  personnel. 

II.  RADIATION  EXPOSURE 

The  existing  annual  limits  on  dose  equivalent  in 
California  (this  study  was  commissioned  for  a  California 
site)  are: 

5.0  rem  (50  mSv)  for  occupational  radiation  workers 

0.5  rem  (5  mSv)  for  the  general  public 

The  limit  for  the  general  public  will  soon  be  reduced  to 
0.1  rem,  without  changing  the  radiation  worker  limit. 
However,  it  is  believed  that  the  latter  will  also  soon  be 
reduced  to  2  rem,  under  the  urging  of  the  ICRP  and  NCRP. 
The  ICRP  has  also  issued  a  recommendation  for  a  change 
(generally,  an  increase)  in  the  neutron  quality  factor[  1J. 
Because  so  many  conversion  data  were  available  using  only 
the  present  values,  these  have  been  retained  in  this  study,  but 
an  estimate  of  the  effect  of  instituting  the  new  values  has 
been  made. 
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III.  NEUTRON  SOURCES 

The  highest  energy  protons  will  cause  the  greatest  hazard. 
Two  recent  experimental  studies  near  250  MeV  have  been 
used  to  test  computer  simulations.  Siebers’  work  was  done  at 
230  MeV  and  measured  both  energy  deposition  ( absorbed 
dose)  and  quality  factor,  by  simultaneously  performing 
microdosimetry [2],  Meier  obtained  the  raw  neutron  spectrum 
from  targets  struck  by  both  113  MeV  and  256  MeV 
protons  [3 ,4].  These  data  were  compared  to  predictions  made 
by  LCS[5].  A  best  fit  was  found  (for  all  data)  by  using  the 
combination  of  cascade  mechanism,  multistage  preequilibrium 
model  and  nuclear  evaporation  called  “I  AHETpqr2”  This 
appears  to  predict  neutron  fluxes  accurately  (within  a  factor  of 
two)  and  may  provide  still  better  values  of  dose  equivalent, 
when  used  together  with  fluence  to-dose  equi  valent  tables  of 
Belogorlov[6],  Pearls tein  has  devised  an  analytic  expression 
for  the  quantity  d2o/dEdQ  that  can  be  used  to  estimate  a 
neutral  yield  and  spectrum  in  an  arbitrary  direction[7].  The 
spectra  so  obtained  are  “harder”  than  those  from  a  thick 
target,  and  thus  lead  to  overestimating  shielding  requirements. 

IV.  ATTENUATION  IN  SHIELDING 

Siebers’  experiment  included  neutron  attenuation  in 
concrete,  and  used  the  LCS  code  (with  the  prq2  switch)  to 
calculate  attenuation,  so  that  it  could  be  compared  to 
measured  values.  A  “zero-depth  source  term”,  called  HpR2, 
can  also  be  calculated  and  compared  to  experiment  by  the 
equation: 

Hlf-H^ex p-C~)  (1) 

in  which  A  is  the  attenuation  length  in  the  shield  material 
(here,  concrete),  s,  the  thickness  of  the  shield,  //  or  H0  the 
dose  equivalent  per  stopping  proton  and  R  the  distance  from 
the  neutron  source  to  the  observation  We  have  redone  the 
calculations  of  Siebers,  and  find  no  results  that  differ 
significantly  from  his.  These  are  presented  in  Table  1,  where 
they  are  compared  to  Siebers'  experimental  values  in 
comparable  directions.  The  attenuation  of  dose  equivalent.  #, 
is  emphasized  because  this  is  the  single  parameter  of  concern. 

Both  the  zero  depth  source  term  and  the  attenuation 
length  increase  with  angle  to  the  beam,  6  .  The  calculations 
slightly  overestimate  both  parameters  and  therefore  give 
conservative  values. We  have  also  compared  the  Siebers  values 
(at  the  6=  0°  and  90°  directions)  to  those  calculated  from  the 
work  of  Braid,  et  a/.[8].  They  are  in  good  agreement  in  the 
"forward”  direction,  but,  in  the  “lateral”  direction,  both  the 
zero- depth  source  term  and  the  attenuation  length  are 
significantly  larger  than  the  calculated  values  obtained  by 
both  Siebers  and  ourselves.  The  comparison  of  A  requires  that 
the  distance  be  given  in  areal  density  (kg/m2)  because  of  the 
unusually  low  density  of  the  concrete  used  in  the  Siebers 
experiment  (1.88  gem3).  The  calculated  dose-equivalent 
attenuation  lengths  in  Table  1,  which  we  recommend,  are  in 
very  reasonable  agreement  with  the  well-established  neutron 
attenuation  lengths  in  concrete[9].  It  is  well  established  that 
other  shielding  materials  (earth,  iron,  high-density  concrete) 
can  replace  concrete  if  substituted  on  the  basis  of  areal 
density,  except  that  a  sufficient  thickness  of  hydrogenous 
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Table  1.  Zero-Depth  Source  Intensities  and  Attenuation  Lengths  from  Siebers  230 

MeV  Data 


Experimental  LCS  Calculated 


®  HaR2  (Sv-m2) 

■W  (kg/m2) 

e 

HaR2  (Sv-m2) 

4ff  (kg/m2) 

0°  (8.6  ±  0.8)xl0-15 

910  ±  30 

0-10° 

(6.6  ±  0.4)  x  10- 15 

991  ±28 

22°  (4.6±0.5)xl(F15 

876  ±34 

10-30° 

(5.0  ±  0.2)  x  10* 15 

1040  ±21 

45°  (2.1  ±0.2)xl0-15 

746  ±24 

40-50° 

(23  ±  0.1)  x  1015 

894  ±  21 

90°  (6.9  ±  0.8)xl0"16 

519  ±21 

85-95° 

(1.0  ±  0.2)  x  1015 

534  ±26 

first  leg,  and  also  offset  from  the 
centerline.  At  each  of  four  successive 
Windows,  the  neutron  fluence  per 
stopped  proton  and  the  dose  equivalent 
per  proton  was  determined.  The  analytic 
expressions  for  attenuation  developed  by 
Tesch  woe  also  used[13].  These  are  as 
follows:  in  the  first,  centered  leg,  the 
attenuation  is  simply  given  by  an 
inverse-square  dependence  along  the  mare 
centerline,  with  a  factor  of  2  for  dose 


material  must  be  on  the  personnel  side  of  the  shield. 

V.  ATTENUATION  IN  MAZES  AND  DUCTS 

While  plug  doors  are  commonly  used  in  physics -oriented 
accelerator  facilities,  they  are  undesirable  in  a  therapy  facility 
because  of  possible  adverse  reactions  of  patients.  It  is  also 
noted  that  the  treatment  room  at  the  end  of  a  maze  (which 
must  be  large  enough  to  pass  a  hospital  gurney)  is  a  copious 
source  of  radiation:  the  patient  is  in  reality  a  beam  dump  and 
other  losses  occur  in  the  beam  transport  system.  Numerous 
investigations  of  radiation  transport  through  mazes  have  done 
using  various  Monte  Carlo  cocks.  Experiments  have  also  been 
performed,  often  using  simple  fission  neutron  sources 
[10,11,12,13].  This  is  a  fairly  satisfactory  substitute  for  the 
neutron  fluxes  induced  by  a  high-energy  proton  beam,  because 
most  of  the  dose  equivalent  transmitted  through  mare  is 
carried  by  low-energy  neutrons.  Thermal  neutrons  are 
generated  by  collisions  with  the  walls  and  tend  to  build  up  as 
the  maze  is  traversed.  All  investigators  found  this  effect.  In 
addition,  Vogt  examined  the  effect  of  varying  the  water 
content  of  the  concrete  walls,  and  found  it  to  be 
significant[l  1]. 

We  explored  dose-equivalent  attenuation  in  a  three- 
legged  maze  (Fig.  1.)  using  LCS.  The  neutron  “source”,  a 
beam  stop  intercepting  250  MeV  protons,  was  centered  on  the 


Fig.  1.  Maze  problem  geometry.  Protons  impinge  on  a 
cylindrical  target  in  the  foreground,  producing  radiation.  The 
dose  equivalent  is  tabulated  for  each  of  the  four  windows. 
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Fig.  2.  Predictions  for  neutron  dose  equivalent  in  sample 
maze  problem. 


equivalent  buildup  in  the  walls: 
tf(fi). 


2  H^R1 


(2) 


while  in  the  second  leg,  there  is  an  attenuation  factor  which 
must  be  used  to  multiply  the  dose  equivalent  value  obtained 
from  Eq.  (2)  at  the  end  of  the  first  leg.  If  r2  is  the  centerline 
distance  along  the  second  leg,  this  attenuation  factor  is  fir  2  ): 

,,  exp-(r2/0.45)  +  flexp-(r,/2.35) 

l+g  \  ) 

where  the  quantity  B  is  related  to  the  cross-sectional  area  of 
the  maze  A  by 


0.022 A1 3  (4) 

Subsequent  legs  are  measured  in  distances  r 3,  r4,  etc., 
along  the  maze  centerline  and  the  attenuation  has  the  sane 
form  as  given  in  Eq.  (3)  for  the  second  leg.  Tesch  also 
determined,  empirically,  that  the  second-leg  attenuation  must 
be  multiplied  by  a  factor  (A  two  for  a  high-energy  (accelerator 
beam  stop)  source.  These  recipes  were  compared  to  the  LCS 
calculations  for  the  maze  geometry  of  Fig.  1,  and  the 
comparisions  appear  in  Fig.  2.  There  is  agreement  within  a 
factor  of  2.  The  more  realistic  case  of  the  off-centerline  source 
was  also  examined  and  will  be  discussed  below 


Ducts,  defined  here  as  shield  penetrations  with  an  average 
diameter  of  30  cm  or  less,  are  needed  for  power,  cooling,  and 
other  utilities.  The  principal  vector  of  dose  equivalent  is, 
again,  low-energy  neutrons,  and  their  transport  behavior  in 
ducts  has  been  understood  for  at  least  40  years  by  the  nuclear 
power  industry!  14]. 


VI.  ACTIVATION 

Radionuclides  are  principally  produced  by  high  energy 
protons  and  by  low-energy  neutrons,  especially  those  that 
thermal  ize  and  capture.  The  model  of  the  cascade -evaporation 
process  in  LAHbT  predicts  some  residual  radionuclides, 
although  its  accuracy  has  been  questioned.  A  plot  of  the 
radionuclide  distribution  produced  per  proton  by  230  MeV 
protons  on  concrete  appears  in  Fig.  3.  An  improved  prediction 
would  result  when  LCS  is  linked  with  ORIHET[15].  The 
equivalent  CINDER90  code  has  already  been  integrated  with 
LCS  but  has  not  been  released. 

There  is  special  concern  about  the  clinical  personnel  who 
must  tend  the  patients  after  treatment.  Typically,  a  brief  1-2 
min.  irradiation  is  followed  by  a  15-20  min.  interpatient  time. 
It  can  be  shown  that  the  clinical  staff  are  likely  to  receive 
more  dose  equivalent  from  radionuclides  with  half  lives  of  the 
order  of  the  interpatient  time  than  from  shorter-  or  longer- 
lived  activities,  provided  that  the  latter  have  not  been  allowed 
to  build  up  over  a  long  time.  Components  with  such  long 
decay  times  would  of  course  be  routinely  replaced,  but  nature 
has  been  unkind  in  the  matter  of  radionuclides  created  in  the 
body  itself:  there  is  a  high  production  of  the  radionuclide 
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UC,  which  decays  by  positron  emission  with  a  20.4  minute 
half-life. 

[4] 


Fig.  3.  Number  of  isotopes  produced  in  concrete  per  incident 
proton  (vertical  axis)  versus  isotope,  from  the  LA  HE  I  code.  [8] 
The  incident  proton  energy  is  230  MeV,  and  all  cascade 
particles  down  to  20  MeV  contribute  to  production. 

[91 

Sullivan[16]  observes  that  the  statistical  distribution  of 
half-lives  from  proton  bombardment  of  iron  or  copper  varies 
as  l/(half-life).  An  average  of  the  number  and  energies  of  the 
gamma-rays  produced  is  then  used  to  estimate  the  effects.  [10J 
When  the  total  dose  equivalent  to  clinical  personnel  during 
one  interpatient  period  was  determined,  assuming  an  iron  or 
copper  component  of  the  beam  “nozzle”  and  a  loss  of  10  nA  [11] 
of  protons  in  20g/cm2  of  material,  it  was  found  that,  at  a 
distance  of  1  meter,  the  dose  equivalent  would  be  0.57  mrem. 

A  more  detailed,  conventional  calculation  for  equivalent  loss 
in  aluminum  gave  a  result  of  about  one-quarter  of  this  value  [12] 
of  dose  equivalent,  supporting  the  well-known  fact  that 
aluminum  is  a  better  material  than  iron  or  copper  in  terms  of 
activation. 

VII.  THE  PTFshield  PROGRAM  1  °  “ 

PTFshield  is  a  simple  program  that  operates  on  a  desktop  1 14] 
computer.  It  is  intended  for  first-order  scoping  of  shielding 
and  maze  design,  to  be  supplemented  if  necessary  by  ECS  [15] 
computations.  It  includes:  1)  the  Pearlstein  model  for  neutron 
source  terms  as  functions  of  beam  energy  and  angle,  or,  the  1 16] 
thick-target  Meier  data  (interpolated  or  scaled),  2)  the 
empirical  attenuations  found  by  Braid,  et  al,\  3)  the  neutron 
fiuence  to  dose  tables  of  Belogorlov,  et  al ;  4)  the  Tesch  maze 
attenuation  relations,  Fqs.  (2)  and  (3),  are  used  to  estimate 
both  centered  and  non-centered  sources. 

VIII.  SUMMARY  AND  CONCLUSIONS 

Much  that  is  published  about  shielding  and  activation  in 
the  energy  domain  below  250  MeV  is  self-consistent,  and  a 
great  deal  of  this  information  can  be  represented  by  a  limited 
number  of  analytic  expressions,  or  at  least,  simple 
calculations.  However,  the  LCS  code  system  is  a  very 
powerful  and  reliable  computational  tool  for  more  detailed 
exploration  of  the  problems  associated  with  shielding  of  such 
an  accelerator.  When  OR1HET  (or  CINDER)  are  included,  the 
expanded  code  system  will  also  determine  activation  from 
high  energy  particles. 
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Abstract 

A  proton  therapy  facility  is  proposed  at  the  Supercon¬ 
ducting  Super  Collider  (SSC).  The  facility  will  use  proton 
beam  from  SSC  Linac.  The  SSC  Linac  can  provide  the  dis¬ 
crete  intermediate  energies  of  70,  110,  157,  210,  268,  and 
329  MeV  by  drifting  the  beam  in  the  high-energy  end  of 
the  Linac,  which  is  not  exited  with  rf  power.  250  MeV 
is  expected  to  be  the  maximum  energy  needed  for  ther¬ 
apy.  This  paper  summarizes  beam  dynamics  studies  for 
different  energies. 


I.  Introduction 

The  linear  accelerator  (LINAC)  [1]  is  the  first  injector  in 
the  chain  of  four  injectors  for  the  Superconducting  Super 
Collider  (SSC).  The  SSC  Linac  will  provide  up  to  600  MeV 
beams.  The  main  beam  parameters  out  of  the  SSC  Linac 
are  listed  in  Table  1.  The  availability  of  H~  beams  of  suit¬ 
able  energy  and  current  at  the  end  of  Linac  offers  an  at¬ 
tractive  opportunity  for  a  medical  facility  for  proton  ther¬ 
apy.  At  the  request  of  Southwestern  Medical  Center,  Par¬ 
ticle  Accelerator  Corporation  (PAC)  in  collaboration  with 
Lawrence  Berkeley  Laboratory  (LBL)  and  Aguirre  Asso¬ 
ciation  Inc.  has  done  tradeoff  studies  of  several  options, 
all  of  which  would  parasitically  use  the  H_  beams  acceler¬ 
ated  by  the  SSC  Linac  [2],  [3].  They  have  recommended  to 
treat  patients  with  the  Linac  beam  directly  after  passing 
through  a  series  of  devices  to  reduce  its  intensity  appro¬ 
priately.  This  approach  provides  a  treatment  time  of  less 
than  two  minutes  and  a  dose  controllability  of  a  factor  of 
ten  below  the  desired  dose  uniformity.  The  dose  control 
requires  a  system  time  response  of  only  0.1  second,  which 
is  easily  achievable. 

II.  Beam  Formation  and  Transport  systems 

As  shown  in  Table  1,  the  Linac  operates  in  the  so  called 
‘collider  fill’  mode  and  'test  beam’  mode.  The  most  de¬ 
manding  mode  from  injector  point  of  view  is  ‘test  beam’ 
mode.  The  scenario  for  ‘test  beam’  mode  to  use  the 
Linac  beam  for  medical  use  is  as  follows.  The  LEB  cy¬ 
cle  time  is  0.1  seconds  and  each  LEB  ‘batch’  is  injected 
into  the  Medium  Energy  Booster  (MEB).  The  MEB  takes 

'Operated  by  the  Universities  Research  Association.  Inc.  for 
the  U.S.  Department  of  Energy,  under  contraci  No.  DE-AC02- 
89ER40486 


Collider  Fill  Mode 

Current 

Pulse  length 

Proton  per  Macropulse 
Trans.  Emittance  (n,rms) 
Rep.  Rate 

21  mA 

9.6  /tsec 

1.26  x  1012 
<0.3  irmm  mrad 

10  Hz 

Test  Beam  Mode 

Current 

Pulse  length 

Proton  per  Macropulse 
Trans.  Emittance  (n,rms) 
Rep.  Rate 

21  mA 

48  /tsec 

6.30  x  1012 
<0.3  t  mm  mrad 
10  Hz 

Table  1 :  The  SSC  Linac  Beam  Parameters 


1  MEB  Cycle=8.7  sec 


LEB 

Injection 


Available  for  Medical  Beam 


LEB 

Injection 


Figure  1 :  Linac  Pulse  Structure 


six  batches  from  the  LEB  and  accelerates  the  total  injected 
beam  to  full  energy  (199100  MeV’)  in  a  period  of  8.7  sec¬ 
onds.  During  this  MEB  acceleration  process,  the  Linac 
and  LEB  are  in  a  standby  mode  and  available  for  medical 
use.  If  the  MEB  accelerated  beam  is  used  to  inject  into 
the  High  Energy  Booster  (HEB),  which  has  a  cycle  time 
of  516  seconds,  the  availability  of  the  linac  beam  for  the 
medical  application  is  grater.  Thus  in  the  test  beam  mode, 
the  Linac  as  available  for  8.2  seconds  out  of  every  8.7  sec¬ 
onds,  give  or  take  a  possible  pulse  on  each  end  of  the  8.2 
sec  that  might  be  used  in  ramping  quadrupole  magnets  for 
their  medical  values.  The  therapy  beam  can  be  interleaved 
with  LEB  injection  pulses.  The  pulse  availability  in  time 
is  shown  schematically  in  fig  1. 
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Figure  2:  SSC  Linac  Block  Diagram 


A  schematic  layout  for  the  SSC  Linac  is  shown  is  fig¬ 
ure  2.  The  Drift  Tube  Linac  (DTL)  will  accelerate  the 
beam  up  to  70  MeV.  The  Coupled  (side)  Cavity  Linac  will 
take  this  beam  and  accelerate  up  to  600  MeV.  The  CCL 
has  9  modules  powered  by  9  Kystrons.  By  delaying  the 
rf  power  into  the  CCL  modules,  the  energies  available  for 
medical  use  are  shown  in  Table  2.  CCLDYN  [4]  simula¬ 
tions  have  shown  that  it  is  possible  to  drift,  a  lower  energy 
beam  through  higher-energy  modules  in  the  CCL,  which 
are  not  exited  with  rf  power  during  the  passage  of  the 
beam.  The  beam  cavity  interaction  for  an  unexcited  mod¬ 
ule  is  not  important  because  beam  has  a  time  structure 
of  428  MHz  and  the  CCL  cavity  resonance  frequency  is 
1283,  the  third  harmonic  of  the  beam.  Moreover  the  field 
in  the  cavity  which  is  excited  by  the  beam  will  have  the 
a  random  phase  with  respect  to  the  beam,  therefore  on 
the  average  the  beam  will  not  be  affected  when  it  passes 
though  he  RF  unexcited  cavities.  However,  it  is  necessary 
to  lower  the  excitation  of  quadrupoles  for  the  lower  energy 
beam  if  the  beam  is  to  remain  well-enough  focused  to  pass 
through  the  small  beam  apertures  of  the  modules  without 
loss.  The  quarupole  gradients  for  the  discrete  intermedi¬ 
ate  energies  are  shown  in  Table  2  Figure  3  shows  the  70 
MeV  beam  profiles  for  energy  spread,  phase  spread  and 
beam  size,  through  the  CCL.  The  quadrupole  gradient  re¬ 
quired  is  down  to  10.0  T/m  whereas  for  normal  operation 
quadrupole  strength  is  31  T/m.  Figure  4  shows  energy 
spread,  phase  spread  and  beam  size  for  250  MeV  through 
the  CCL.  The  quadrupole  gradient  needed  for  this  is  31 
T/m  for  modules  1  through  4  and  20  T/m  for  modules  5 
through  9. 

The  quadrupole  magnets  are  made  of  laminated  steel  so 
that  they  can  be  rapidly  pulsed  (0.1  sec)  to  lower  values  to 
accommodate  lower-energy  beams.  The  maximum  energy 
needed  for  therapy  is  250  MeV. 

The  beam  for  therapy  will  be  diverted  to  the  proton 
therapy  facility  in  the  Linac-LEB  transfer  line  between  the 
Ql,  Q2  doublet  and  the  Q3,  Q4  doublet  with  help  of  a  three 
magnet  bump.  The  schematic  layout  of  these  magnets  is 


Figure  3:  70  MeV  Beam  *i*e,  phase  and  energy  profiles  as  beam 
traverses  the  CCL 


Table  2:  Available  beam  energy  for  proton  therapy. 


Energy 

RF  Excited 

RF  Unexcited 

MeV 

Module  No 

G  (T/m) 

Module  No 

G  (T/m) 

70 

- 

1-9 

10.0 

no 

1 

31.0 

2-9 

12.0 

157 

1-2 

31.0 

3-9 

14.4 

210 

1-3 

31.0 

4-9 

16.8 

267 

1-4 

31.0 

5-9 

19.2 
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Figure  5:  Schematic  Layout  of  Bump  Magnets 


shown  in  figure  4. 

The  bump  magnet  BD1  bends  the  H"  beam  5.59  deg 
away  from  the  Linac  axis  to  provide  enough  transverse 
space  for  the  second  bump  magnet  BD2  and  longitudinal 
space  for  a  device  to  neutralize  a  small  portion  of  beam. 
A  cw  laser  LS  installed  as  shown  before  the  second  bump 
magnet  is  sufficient  to  neutralize  a  small  fraction  of  the  H~ 
beam.  It  is  also  fail-safe.  The  second  bump  magnet  bends 
the  H~  beam  back  toward  the  Linac  axis  (thus  BD2  has 
twice  the  bend  angle  of  other  bump  magnet)  while  the  H° 
beam  passes  through  the  magnet  undeflected.  Third  bump 
magnet  BD3  bends  the  H~  back  onto  the  Linac  axis.  A 
stripping  foil  is  placed  in  the  H°  beam  beyond  the  second 
bump  magnet  to  provide  an  H+  beam. 

III.  CONCLUSIONS 

The  SSC  linac  can  provide  the  required  energy  and 
more  than  adequate  intensity  for  the  proton  therapy.  The 
only  change  which  has  been  made  in  the  Linac  design 
to  accomodate  the  proton  therapy  beam  is  the  laminated 
quadrupole  magnet. 

We  would  like  to  thank  to  Jun  Wu  for  his  help  in  making 
the  figures,  and  Frank  Guy  for  reading  the  manscript. 

IV.  References 

[1]  L.  W.  Funk,  “The  SSC  Linear  Accelerator,”  these  pro¬ 
ceedings. 

[2]  “Proton  Therapy  at  the  SSC,”  Conceptual  Design 
Summary,  April  1992 

[3]  B.  A.  Prichard  ,  “A  Proposed  Proton  Therapy  Facility 
at  the  SSC,”  to  be  published  in  the  Twelfth  Interna¬ 
tional  Conference  on  the  A  pplication  of  Accelerators 
in  Research  k  Industry,  Nov  2-5,  1992. 

[4]  K.  R.  Crandall,  Private  Comunication. 


1767 
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Abstract 

Conceptual  guidelines  lead  to  treatment 
unitjdescriptions  based  on  (i)  3  GHz  traveling 
wave  acceleration  in  4  sections  of  10.5  m 
total  length  fed  by  2  klystrons,  (ii) 
treatment  cell  which  moves  with  a  270°dipole 
for  large  SAD,  low  weight,  single  optical 
component.  RF  structure  for  test  is  reviewed. 

I.  INTRODUCTION 

Radiotherapy  uses  beams  of  electrons  cheaply 
produced  by  RF  linac  at  3  GHz.  One  would  like 
to  take  advantage  of  the  existing  industrial 
basis  to  accelerate  protons  of  low  &  variable' 
velocity  &  high  rigidity.  Following  earlier 
proposals  based  on  proven  solutions  [1-31  we 
propose  innovations  as  simpler  accelerating 
RF  geometries  [4-5],  improved  focusing  [6], 
an  original  combination  between  head  optics  & 
treatment  bed  &  access  [71.  A  very  compact 
therapy  unit  predesign  which  delivers  an  high 
quality  beam  emerges.  It  is  able  to  spread 
proton  uses  within  hospitals. 

II  CONCEPTUAL  GUIDELINES 

1.  High  frequency  of  3  GHz  increases 
simultaneously  the  shunt  impedance  and  the 
maximum  permissible  field  gradient. 

2.  Acceleration  in  traveling  wave  removes  the 
coupling  cells:  simultaneous  acceleration  & 
focusing  becomes  feasible. 

3.  Use  of  f  orward  or  backward  waves 
magnetically  coupled  in  a  new  way  increases 
the  acceleration  efficiency.  Figure  1  shows 
the  half  cross-sections  f  or  two  adjacent 
cells  in  two  cases. Reference  [41  quantify  the 
gain. 

4.  Minimal  length  is  fixed  by  maximum 
allowable  field  gradient  (3  GHz  RF  high  peak 
power  is  available).  It  minimizes  size/  cost 
and  alleviate  the  synchronism  problem. 

5.  RF  auto-focusing  by  alternate  dephasing  of 
the  bunch  to  the  RF  wave  is  obtained  in  the 
simplest  manner:  using  groups  of  cells  of 


same  length.  However  the  effect  remains 
modest  and  must  be  complemented  by 
quadrupolar  magnetic  FODO  or  innovative 
helical  focusing  [6]. 

6.  Optical  transport  components  between  the 
linac  and  the  treatment  head  vanishes. 
Switching  f  rom  one  treatment  room  to  the 
other  does  not  requires  a  dedicated  magnet 
when  they  follow  each  other  along  the  beam 
axis. 

7.  Enge  270®  dipole  at  room  temperature  has 
excellent  optics.  It  allows  a  very  large 
Source  to  patient  Axis  Distance  (SAD):  focus 
in  two  planes  and  in  energy  occur  at  2.74  x 
curvature  radius  from  the  dipole  exit. 

8.  Bending  can  precede  the  transformation 
from  the  narrow  beam  to  distributed  one.  This 
reduces  dipole  weight  and  structural  cost. 

9.  Energy  stabilisation  is  achieved  by  beam 
analysis  within  the  required  narrow  bandwith 
(+/-  0.37.).  Neutrons  are  controlled  as  beam 
loss  occurs  opposite  to  the  patient. 

10.  Patient  moves  symetrically  to  the  magnet 

inside  a  treatment  cell  which  is  a  part  of 
the  rotating  head.  This  non-isocentric  choice 
(as  made  at  PSI,  Villigen,  Switzerland) 

allows  reproducible  error  at  the  level  of  the 
rollers  rotation  mechanism,  the  linac-head 
colinear  adjustment  being  electronically 

controlled. 

11.  The  treatment  cell  is  a  chamber  large 
enough  (2.5  m  dia.)  to  allows  bed  rotations 
and  human  assistance  at  set-up  location. 

12.  The  rotating  part  has  low  weight 
(<10  tons)  and  its  mechanical  structure  can 
be  best  designed  as  hollow  rolled  metal  box. 

13.  The  patient  crosses  the  wall  protection, 

takes  an  elevator,  installs  in  a  treatment 
chamber:  he  sees,  without  trauma,  a 

"segmented  corridor"  of  rather  constant 
cross-section. 
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14.  The  neutron  protection  uses  diaphragms 
plus  nearby  absorbers  at  phase  selection  at 
the  end  of  the  first  linac  sub-section,  at 
radial  selection  at  the  end  of  the  linac,  at 
energy  analysis.  Patient  protection  from 
thermal  neutrons  is  helped  by  chamber  walls 
made  of  hydrogeneous  material. 

II  TREATMENT  UNIT  DESCRIPTIONS 

Two  designs  are  based  on  available 
subcomponents  or  [foreseeable  ones].  Figure  2 
shows  the  instrument  block  diagram: 

1/  Beam  line: 

1.1/  50kV  source  +  4  MeV  RFQ,  3.5  m  length 
[150kV  proton  source  +  preaccelerator  made  of 
3  gaps  DTL  inside  each  TW  cell  at  3  GHz,  1  m] 

1.2/  4  TW  waveguides,  10.5  m  length.  Each 
waveguide  is  fed  by  one  klystron  arm,  the 
first  waveguide  is  made  of  two  segments  in 
serie.  The  expected  shunt  impedance  is  14): 
ZTT  “  200  3  “  100  MQ/m  avrg.  or  70  Mfl/m 
including  dynamics,  load  loss  etc. 

1.3/  Doublets,  adjustment  dipoles,  current 
monitors,  [low  energies:  supercon.  solenoidal 
focusing  or  sub-sections  bridging  +  quads] 

2/  RF  sources: 

2.1/  0.5  or  0.75  GHz 

2.2/  Twin  modulator  100  Hz  4.5  ps 

[Single  modulator  3  ps] 


2.3/  2  klystrons  TH  2132  42  MW  20kW 
[1  klystron  85  MW  30kW] 


Energy  ^  gain  is  given  by: 


,0.5 


V  =  (PZL)  =  (80  x  70  x  10.5)'"*'  =  242  MeV. 
With  T  transit  factor,  d  nose  to  nose 
distance  “  2ir/3,  1  cell  length  =  5tt/4  in  the 
direct  coupling  3w/4  case,  see  [4]  &  fig.l, 
Es  peak  field  on  surface,  Ez  on-axis  field,  V 
full  energy,  L  total  lenth: 

_  1  1  Es  V  1  5ir/4  _  _  242 

Es  -  T  x  d  x  -Ezx  L~  Q  8x  2n/3x  2  5  x  'ia5 

Es  =  135  M  V/m 


3.4/  Beam  medicalisation  components  easily 
located  in  a  truncated  cone  of  3.5  m  height 
3.5/  Beam  optical  +  radiological  simulations 

4/  Therapy  mobile  head: 

4.1/  Components  of  3/ 

4.2/  Rotating  hollow  structure  to  insure 
dipole  to  bed  center  of  rotations  rigidity. 

3.5  m  radius  for  large  treatment  room  of  dia. 

2.5  m.  Limit  of  3.0  m  minimum  (due  to 
dipole). 

5/  Controls  &  commands: 

5.1/  The  linac  is  energy  controlled  with  help 
of  Bz  measurement  and  current  monitor  (the 
dipole  selects  a  +/-  0.3%  energy  window 

inside  the  accelerated  spectrum  of  <+/-  1%) 

5.2/  The  energy  change  from  nominal  to  -25% 
is  obtained  on  section  no.  4  by  TW 
asynchronism,  end  to  head,  produced  by  2.4/ 
phasor  rotation  over  180°.  Lower  energy 
levels  are  obtained  on  section  no.  3  by  phase 
rotation  of  the  klystron  amplified  signal 
then  by  its  suppression  etc. 


Ill  IMPLEMENTATION  STRATEGY 

A  test  must  be  performed  to  confirm  our 
simulations  of  efficiency  and  dynamics  on  the 
most  critical  low  energy  acceleration  part. 
It  uses  backward  wave  at  -ir/4  coupling  (7n/4 
required  bunch  cell  to  cell  dephasing). 

The  first  waveguide  subdivides  into  two 
segments  designed  to  accelerate  from  4  MeV  to 
12  MeV  (x3)  and  then  to  36  MeV  (x9).  Elegant 
simplification  occurs  as:  (a)  constant  group 
velocity  is  possible  with  a  moderate  field 
decrease  as  the  cell  shunt  impedances 
increase  when  the  RF  power  decreases,  (b) 
groups  of  6  to  10  cells  of  same  length 
introduces  a  back  and  forth  dephasing  of  the 
accelerated  bucket  with  respect  to  the  wave 
at  the  mid-plane  of  each  cell.  This  RF 
autofocusing  is  however  limited  to  a  narrow 
10°  phase  acceptance  band. 


2.4/  waveguides  +  phasors  4>  20  MW  180° 

3/  Therapy  fixed  head: 

3.1/  270°  Enge  dipole,  curvature  radius  1.3  m 
Br  max  1.8T,  hollow  ring  of  reduced 
cross-section  0.15  m  side,  weight  2  tons 
3.2/  50  kW  DC  source  stab.  5  10-4 
3.3/  Hall  Bz  measurement  and  current  monitor 


Provision  must  be  made  to  superimpose 
magnetic  focusing.  Taking  advantage  of  the 
absence  of  (side)  coupling  cells,  adjustable 
FODO  seems  relevant  for  test.  In  the  future 
fixed  helical  quadrupolar  geometry  could  be 
used.  To  this  must  be  added  the  proton  source 
of  4  MeV  and  a  standard  S-band  RF  source  of 
20  MW. 
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Figure  1.  Half -views  of  adjacent  TW  cells  for 
two  cases:  (a)  RF  coupling  3ir/4  backward 
accelerates  high  velocity  protons  with  same 
on-axis  delay  value  [already  used  for 
electrons)  (b)  same  coupling  forward  can 
accelerate  lower  velocity  ones  delayed  by 
2n  -  3n/4  =  5ir/4. 


Figure  2.  Block  diagram  of  a  protontherapy 
instrument  made  of  available  subcomponents. 
Total  length  25  m  including  one  fixed  +  one 
mobile  treatment  facilities. 
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Abstract 

Radiation  treatment  of  cancer  dates  back  about  100 
years.  Today,  mega-voltage  electron  accelerators  are  used 
routinely  to  irradiate  many  kinds  of  tur,  iours.  About  two 
thirds  of  all  cancer  patients  receive  at  least  some  radiation. 
More  recently,  other  kinds  of  particles  have  come  into  use, 
some  already  on  a  more  or  less  routine  basis:  neutrons, 
pions,  protons  and  other  light  ions.  Experience  with  some 
of  these  particles  at  PSI  is  described.  As  an  illustration, 
a  concept  for  advanced  accelerator-based  therapy  is  de¬ 
scribed;  it  consists  of  a  2.5  MeV  RFQ  injector,  a  70  MeV 
linac,  a  250  MeV  H~  synchrotron,  and  a  2.1  GeV  electron 
ring  operated  as  a  synchrotron  light  source.  Possible  niches 
for  high  energy  technology  are  identified. 

INTRODUCTION 


At  present,  about  two  out  of  three  cancer  patients  re¬ 
ceive  at  least  some  radiation[l].  In  the  longer  term,  there 
is  concern  throughout  Europe,  and  in  particular  in  the 
EEC  countries,  about  the  growing  human  toll  of  the  dis¬ 
ease,  and  the  increasing  strain  that  it  is  placing  on  health 
and  welfare  facilities.  In  1985  about  three-quarters  of  a 
million  people  died  of  it  in  the  EEC  alone.  Given  present- 
day  costs,  improved  (and  cheaper)  treatment  methods  are 
becoming  increasingly  important. 

One  promising  line  of  attack  involves  the  use  of  accel¬ 
erators.  PSI,  with  its  expertise  in  all  the  fields  involved 
in  this  multi-disciplinary  effort,  and  its  national  and  in¬ 
ternational  contacts,  is  very  well  placed  to  contribute  to 
the  R  &  D  effort,  and  to  some  degree  to  routine  treat¬ 
ments.  However,  the  main  goal  is  to  develop  hardware  and 
techniques  that  can  be  transferred  to  the  lower-technology 
environment  of  hospitals,  clinics,  etc.,  not  only  in  the  de¬ 
veloped  world. 

THE  PIOTRON  -  IRRADIATION  WITH  n~S 

One  of  the  most  technologically  advanced  forms  of 
therapy  is  irradiation  with  negative  x“s,  which  has  been 
tried  at  all  three  pion  factories:  PSI,  LAMPF  ic  TRIUMF. 
The  principle  of  the  technique  is  that  as  a  v_  comes  to 
rest  in  tissue,  it  will  react  with  one  of  the  heavier  nuclei 
(C,N,0. ..).  If  the  x~s  can  be  brought  to  rest  in  a  tu¬ 
mour,  the  reaction  products  will  preferentially  irradiate 
the  tumour.  At  PSI  about  500  patients  have  been  treated, 
starting  in  1980  with  a  superficial  melanoma  case. 


Figure  1:  The  Piotron  at  PSI 

The  beam-line,  the  most  sophisticated  yet  built,  is 
known  as  the  ‘Piotron’,  and  is  shown  in  Figure  1.  A 
full  description  can  be  found  in  references[2,3].  In  brief, 
a  beam  of  up  to  20  fiA  of  600  MeV  protons  from  the  PSI 
Main  Ring  impinges  on  the  x~  production  target.  Among 
the  many  particles  produced,  x~s  at  near  60°  are  col¬ 
lected  and  deflected  parallel  to  the  axis  of  the  Piotron  by  a 
toroidal  arrangement  of  super-conductmg  coils.  After  pass¬ 
ing  through  the  momentum  slits,  the  x-  beams  are  bent 
by  a  second  toroid,  towards  the  patient,  who  is  supported 
within  a  water  bolus. 

With  appropriate  selection  of  the  rigidity,  and  hence 
the  range,  of  the  x~s,  most  of  them  will  some  to  rest 
near  the  focus,  forming  a  ‘hot  spot’  40-50  mm  in  diameter. 
Treatment  consists  of  moving  the  patient  inside  the  water 
bolus  in  such  a  way  that  the  hot  spot  is  scanned  through 
the  tumour,  sparing  as  much  as  possible  the  healthy  tissues 
nearby. 

The  technique  has  been  tried  on  many  tumours,  and  is 
almost  routine  for  large  (typically  some  kg)  abdominal  sar¬ 
comas  of  complicated  shape.  The  usual  dose  is  33  x~  Gy 
delivered  in  20  fractions  The  5-year  local  control  rate  is 
60%  for  the  sarcoma  cases,  which  cannot  for  various  rea¬ 
sons  be  treated  by  conventional  radiation,  chemotherapy 
or  surgery.  There  are  however  some  drawbacks: 

•  About  105  protons  at  600  MeV  are  required  to  deliver 
1  x"  to  the  tumour;  this  corresponds  to  about  0.5 
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Gy-kg  per  minute  at  20  /iA. 

•  The  RBE  under  treatment  conditions  is  not  as  high 
as  expected  from  the  very  early  studies  made  at  low 
dose  rates  to  low  doses,  usually  on  plants,  in  the  n~ 
beams  that  were  available  before  the  advent  of  the 
pion  factories. 

The  RBE  has  in  any  case  been  less  useful  than  the  abil¬ 
ity  to  make  the  dose  distribution  conform  to  the  tumour 
shape. 

OPTIS  -  TREATMENT  OF  RETINAL  MELANOMAS 

Optis,  the  72  MeV  PSI  beam-line  dedicated  to  the 
treatment  of  retinal  melanomas,  is  a  simpler  device,  based 
on  earlier  work  in  the  USA.  It  is  based  on  the  principle 
that  a  heavy  particle,  as  it  comes  to  the  end  of  its  range  in 
matter,  deposits  an  increasing  amount  of  energy  per  unit 
track  length  -  the  so-called  Bragg  peak.  Eye  tumours  are 
typically  15  mm  thick  as  seen  by  the  protons,  each  of  which 
will  therefore  deposit  a  few  tens  of  MeV  in  the  tumour. 

The  proton  beam  from  injector  1  is  shaped  to  match 
the  tumour  by  a  combination  of  scattering,  collimation  and 
range  shifting.  The  dose  is  60  Gy  (cobalt  equivalent),  de¬ 
livered  in  four  fractions  of  15-30  seconds  each  by  a  nA 
beam.  This  technique  is  well  suited  to  routine  therapy,  as 
evidenced  by  the  200  or  so  patients  treated  in  12  weeks  of 
operation  each  year.  Some  results  are  shown  in  Figure  2. 


0~  12  24  36*  48  60  72  84  96 

TIME  (moolhs) 


Figure  2:  Some  results  of  retinal  melanoma  irradiation. 


PROTON  IRRADIATION  OF  LARGE  TUMOURS 

A  great  deal  has  been  learned  from  a  decade’s  expe¬ 
rience  of  treating  some  500  patients  in  the  Piotron,  espe¬ 
cially  about  3-dimensional  treatment  planning.  Much  of 
this  experience  is  being  applied  to  proton  irradiation  of 
large  tumours  -  the  Proton  Therapy  Project  (PTP).  Scan¬ 
ning  is  done  magnetically,  by  range  shifting,  and  by  moving 
the  patient,  in  that  order.  Installation  of  the  device  has 
begun. 


The  proton  beam  spot  is  significantly  sharper  than  the 
7T“  beam  spot  in  the  Piotron.  One  can  therefore  match 
the  treatment  volume  more  precisely,  sparing  better  the 
healthy  tissue  near  the  tumour.  It  is  felt  that  this  will 
more  than  compensate  for  the  lower  RBE  of  protons  as 
compared  to  7r~s.  In  consequence,  the  proton  beam  is 
expected  to  be  as  good  or  better  than  the  7r-  beam. 

At  PSI  the  protons  are  made  by  slowing  down  600  MeV 
particles  from  the  Main  Ring.  An  accelerator  of  the  size 
needed  to  produce  beams  at  the  200-250  MeV  required,  al¬ 
though  a  large  and  expensive  device,  would  be  within  the 
budget  of  a  large  hospital  if  sufficiently  good  results  could 
be  demonstrated. 

EXPERIENCE  AT  UPPSALA 

Biological  experiments  and  radiotherapy  with  185  MeV 
protons  from  the  synchrocyclotron  at  what  is  now  the  The 
Svedberg  Laboratory  (TSL)  began  in  the  1950’s.  The  ac¬ 
celerator,  now  rebuilt,  can  be  operated  at  fixed  frequency 
to  deliver  100  MeV  protons,  or  with  variable  frequency  up 
to  nearly  200  MeV. 

A  treatment  room  equipped  with  a  narrow  proton 
beam  unit  for  therapy  of  small  intracranial  targets  is  in 
operation  at  TSL.  Patients  are  seated  in  front  of  a  fixed 
horizontal  beam  line.  Titanium  markers  permanently  im¬ 
planted  in  the  patient’s  tabula  externa  are  used  for  the 
precise  location  of  the  patient  with  X-rays  for  each  treat¬ 
ment  fraction.  To  date,  14  patients  have  been  treated  with 
100  MeV  protons,  most  for  arterio-venous  malformations. 
In  addition,  20  eye  melanoma  cases  have  been  treated  with 
72  MeV  protons,  using  a  technique  very  similar  to  the  PSI 
one  discussed  above. 

BORON  NEUTRON  CAPTURE  THERAPY  (BNCT) 

This  is  a  promising  technique  for  the  treatrrent  of 
gliomas  and  other  brain  tumours,  and  for  certain  other 
cancers[4].  It  is  based  on  the  large  cross-section  (4  kbarn) 
for  thermal  neutron  capture  by  10  B  :  if  the  latter  is  concen¬ 
trated  in  a  tumour,  the  tumour  cells  will  be  preferentially 
irradiated  by  the  short-range  reaction  products;  healthy 
tissue  nearby  will  be  largely  spared. 


Figure  3:  A  possible  BNCT  layout 
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Concentrations  of  ~  30  ppmw  of  10 B  in  the  tumour, 
and  neutron  fluxes  of  109  cm-2  s-1  at  keV  energies  are 
needed,  for  a  total  treatment  time  of  a  few  hours,  frac¬ 
tionated  as  required.  Because  reactors  face  such  problems 
of  public  acceptance,  accelerator-produced  neutrons  are 
very  attractive.  A  dedicated  spallation  source,  based  on 
a  lOOpA  proton  beam  from  Injector  2,  is  under  intensive 
study  at  PSI;  a  possible  layout  is  shown  in  Figure  3. 

A  POSSIBILITY  FOR  THE  FUTURE 

Table  l  lists  some  parameters  of  a  possible  accelera¬ 
tor  complex  which  is  described  elsewhere[5].  It  consists  of 
several  parts: 

1.  A  2.5  MeV  RFQ  injector,  intended  for 

(a)  Feeding  the  70  MeV  injector  linac 

(b)  Low  energy  BNCT,  neutrons  being  produced  by 
the  7Li(p,n)7Be  reaction 

2.  A  70  MeV  linac,  intended  for 

(a)  Feeding  the  synchrotron 

(b)  Nuclide  production,  as  at  PSI  today 

(c)  Eye  irradiation,  again  as  at  PSI  today 

(d)  BNCT,  in  a  double-patient  facility,  using  spalla¬ 
tion  neutrons 

3.  A  250  MeV  H~  synchrotron,  intended  for  the  irradia¬ 
tion  of  large,  deep-seated  tumours  in  five  beam-lines, 
three  of  which  are  equipped  with  gantries  in  which  pa¬ 
tients  can  be  irradiated  isocentrically.  One  beam-line 
is  available  for  experiments. 


4.  (In  a  later  option,  if  required  by  future  radiological 
developments.)  A  2.1  GeV  electron  ring,  built  on  a 
different  level  and  intended  for  the  generation  of  keV 
X-rays  for  imaging  and  treatment.  The  ring  might  also 
be  able  to  accelerate  carbon  ions,  in  the  first  instance 
for  intracranial  irradiations. 

The  facility,  able  to  treat  several  thousand  patients  each 
year,  would  cost  about  as  much  as  a  jumbo-jet;  it  would  be 
small  enough  to  be  installed  at  a  large  university  hospital, 
or  at  PSI.  A  related  study  is  under  way  in  Italy,  by  the 
Progetto  Adroterapia  (‘TERA’)  group  at  the  Como  cam¬ 
pus  of  the  University  of  Milan. 
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Table  1:  Accelerator 

Specifications  for  a  Medical  Facility 

RFQ  Injector 

Energy 

2.5 

MeV 

Beam  Current  (pulse) 

20-30 

mA 

Linac 

Synchrotron 

Energy 

70 

MeV 

Particle  type:  H- 

Beam  Current  (pulse) 

40 

mA 

Energy 

60-250 

MeV 

Energy  Spread  (FWHM) 

±0.1 

% 

Intensity 

10” 

p/s 

Emittance  (normalized  rms) 

0. 1 5  7T 

mm.mrad 

Extraction  time 

30 

nsec 

Max  beam  pulse  width 

215 

nsec 

Repetition  rate 

5 

Hz 

Pulse  repetition  rate 

1-120 

Hz 

Accelerator  diameter 

16 

m 

Max  average  beam  current 

1000 

pA 

Power  consumption 

100 

kW 

Accelerator  weight 

7.5 

ton 

Accelerator  length 

ca  25 

m 

Particle  type:  l2C6+ 

Input  power 

Ring  diameter 

20 

m 

at  100  fik  average  current 

100 

kW 

Dipole  field 

1.3 

T 

at  1000  /iA  average  current 

650 

kW 

Max  energy 

260 

MeV/A 
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Abstract 

Accelerators  that  are  designed  to  operate  in  a  space 
environment  are  more  strongly  constrained  by  hardware 
envelope  size,  power  consumption  and  cooling  requirements 
than  are  equivalent  ground  based  systems.  The  challenges 
presented  by  these  constraints  have  resulted  in  the 
development  of  novel  features  in  the  Neutral  Particle  Beam 
Space  Experiment  (NPBSE)  accelerator  designs,  which  may 
also  find  application  in  ground  systems.  We  will  describe 
both  the  low  power  2.0  MeV  RFQ  and  5.11  MeV  ramped 
gradient  DTL  designs.  The  initial  DTL  cell  is  suitably  phased 
as  a  compactor  to  provide  longitudinal  matching  and  the  first 
four  DTL  PMQs  have  different  strengths  to  obtain  transverse 
matching.  Minimum  beam  momentum  spread  is  essential  to 
the  minimization  of  chromatic  aberrations  in  the  downstream 
optics  components  but  drift  space  for  beam  expansion  prior  to 
compaction  is  highly  limited.  We  therefore  shift  to  positive 
synchronous  phase  in  the  tail  of  the  DTL  to  minimize  the 
required  pre-compaction  drift  length.  These  and  other 
accelerator  design  details  will  be  described. 

I.  INTRODUCTION 

The  NPBSE  accelerator  is  a  425  MHz,  12.5  m  straight 
beamline  designed  to  deliver  a  5  MeV  neutral  hydrogen  beam 
with  a  divergence  of  30  mrad.  Table  1  provides  a  component 
parameter  summary  of  the  beamline.  In  this  table,  the  power 
figures  in  parentheses  are  the  projected  RF  unit  sizes. 


1  Component  W(MeV) 

L(m) 

_ P(kW) _ P,hrrm.l(kW) 

Injector 

0.035 

0.820 

50 

50 

RFQ 

2.000 

1.587 

234(300) 

183 

Drift 

- 

0.028 

- 

- 

RGDTL 

5.110 

1.721 

291(300) 

210 

Optics 

- 

6.520 

42(60) 

42 

Total 

5.110 

10.676 

617(660) 

485 

Table  1.  Component  Parameter  Summary 

The  35  keV  injector  system  was  designed  at  Culham 
Laboratories!  1].  It  and  the  RFQ  are  complete  at  a  level 
suitable  for  near  term  fabrication.  The  RFQ  feeds  a  single 
tank,  ramped  gradient,  ()X  FO-DO  DTL  to  accelerate  the  beam 
to  the  5  MeV  output  energy[2].  To  minimize  length  and  total 
power  consumption,  the  two  novel  features  have  been 
incorporated  in  to  the  DTL.  They  are:  a  direct  coupling 


scheme  between  the  RFQ  and  DTL  with  transverse  and 
longitudinal  beam  matching  accomplished  within  the  initial 
few  cells  of  the  DTL;  and  the  incorporation  of  much  of  the 
post  DTL  drift  into  the  DTL  thus  achieving  the  required 
momentum  compaction  and  eyepiece  matching  while 
minimizing  overall  length  .  Positive  cell  phasing  is  used  in 
the  final  four  DTL  cells  to  stretch  the  bunch  and  increase  the 
energy  spread  within  the  DTL  such  that  momentum 
compaction  can  be  achieved  in  as  short  a  distance  as  possible. 
These  techniques  are  described  in  section  III.  The  output 
optics  is  described  in  reference  3. 

II.  RFQ 

Due  to  the  requirements  of  the  space  mission,  the  RFQ 
has  been  designed  to  minimize  RF  power  consumption  and 
length.  This  has  been  effected  by  using  a  relatively  narrow 
"BEAR  like"  aperture  (0.255  cm  at  the  choke  point)  with  an 
inter-vane  potential  of  68.4  kV  (at  the  choke  point)  which 
leads  to  a  current  limit  of  approximately  73  mA.  In  this 
design,  the  length  reaches  the  output  energy  in  2.25  X .  It  has 
a  nominal  transmission  of  94%  with  output  emittance  values 
of  0.01080  7t  cm-mrad  and  0.06943  MeV-deg.  The  design 
and  operation  of  the  RFQ  is  summarized  in  table  2. 


Particle  mass  1.0084  amu 
Rest  Energy  939.293MeV 

Frequency  425  MHz 

Wave  Length  70.54  cm 

Max.  modulation  2.306 

Min  Vane  Aper.  0.163  cm 
Ave.  Apcr.  0.255/.294  cm 

Min.  Long,  o  0.604  cm 

Radius  of  Curv.  3/4  r„ 

Inter-vane  Pot.  68.4/78.9  kV 
Peak  Sur.  field  37.06  MV/m 
Kilpatrick  factor  1.83 

Nom.  Input  I  28.0  mA 

Transmission  92.1  % 

RFCav.  power  182.5  kW 
RF  Beam  power  5 1 .2  k W 

Phase  Adv.  19.7°/ 5.7° 

Sync.  Phase  -27.1° 

Table  2.  RFQ  Design  Parameter  Summary 

III.  RGDTL 

Table  3  is  the  cell  table  for  the  RGDTL.  This  device 
accelerates  the  beam  to  an  output  energy  of  5.1 105  MeV.  It 
has  32  cells  at  a  mean  synchronous  phase  of  -27.1°.  The  two 
unusual  features  of  the  DTL  are  shown  in  this  table.  The 
direct  DTL  to  RFQ  coupling  is  seen  in  the  initial  three  cells 
(four  magnets).  (There  is  also  a  small  2.8  cm  drill  between 
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CeU 

Energy 

Beta 

Cell 

Gap 

Drift  Tube  Length 

Quad 

Eff.  Quad 

Eo 

0s 

Match. 

Total 

No. 

out 

out 

Len 

Len 

1st  Half 

2nd 

Total 

Len 

Grad 

Param. 

Len 

(MeV) 

(cm) 

(cm) 

(cm) 

(cm) 

(cm) 

(cm) 

(kG/cm) 

(MV/m) 

(deg) 

[EoT/pl 

(cm) 

in 

2.0003 

IIISS 

0.9428 

1.8855 

2.50 

-23.6721 

1 

4.5962 

1.1012 

0.9428 

2.5462 

4.2851 

25.8609 

2.2753 

-90.0 

26.954 

4.5962 

2 

2.0736 

0.0669 

1.7389 

1.7749 

3.5407 

2.50 

-25.0869 

2.2993 

-27.1 

27.037 

9.2342 

3 

2.1492 

0.0681 

4.7217 

1.1430 

1.7658 

1.8021 

3.5950 

2.50 

25.4118 

2.3200 

-27.1 

26.863 

13.9559 

fell! 

0.0694 

1.1714 

1.7928 

1.8295 

3.6494 

-24.5000 

2.3411 

-27.1 

26.696 

18.7624 

EE  31 

0.0706 

4.8921 

1.2004 

1.8199 

1.8570 

3.7038 

24.5000 

2.3625 

-27.1 

26.536 

23.6544 

10 

2.7456 

0.0770 

5.3361 

1.3538 

1.9668 

2.0061 

4.0046 

2.50 

-24.5000 

2.4757 

-27.1 

49.4361 

15 

3.2527 

0.0837 

5.8071 

1.5217 

2.1132 

2.1546 

4.2993 

2.50 

24.5000 

2.5990 

-27.1 

25.079 

77.5188 

20 

0.0908 

6.3049 

1.7041 

2.2745 

2.3183 

4.6244 

2.50 

-24.5000 

2.7330 

-27.1 

24.451 

108.0363 

25 

0.0984 

6.8306 

1.9014 

2.4341 

2.4801 

5.9890 

2.50 

24.5000 

2.8783 

-27.1 

23.812 

141.1267 

26 

4.6507 

0.0999 

6.9391 

1.9427 

3.5090 

1.4687 

4.3500 

-24.5000 

2.9134 

+27.1 

23.758 

148.0659 

27 

4.7998 

0.1015 

7.0490 

1.9846 

2.8813 

2.9353 

5.4797 

E ESI 

24.5000 

2.9445 

+27.1 

23.587 

155.1148 

28 

4.9531 

0.1031 

7.1600 

2.0271 

2.5444 

2.5919 

5.1716 

2.50 

-24.5000 

2.9760 

+27.1 

23.450 

162.2748 

29 

5.1105 

0.1039 

7.2722 

2.0702 

2.5797 

2.6277 

5.2553 

2.50 

24.5000 

3.0080 

+27.1 

23.350 

169.5471 

out 

5.1105 

0.1039 

2.6277 

Table  3.  Ramped  Gradient  DTL  Cell  Table 

the  RFQ  output  and  the  first  DTL  magnet.)  Longitudinal 
matching  is  effected  by  phasing  the  first  DTL  cell  at  -90°. 
Transverse  matching  is  obtained  varying  the  first  four  DTL 
drift  tube  permanent  magnet  quadrupolcs  (PMQs).  In  this 
manner  a  relatively  current  independent  match  has  been 
achieved.  A  direct  comparison  of  beam  envelops  in  Trace- 
3d  shows  the  beam  well  matched  to  the  DTL  in  all  three  of  the 
phase  space  planes. 


Figure  1.  System  Emitiance  Growth 


The  relative  emittance  growth  through  the  accelerator 
components  is  shown  in  figure  1  and  Figure  2  shows  the  same 
growth  through  the  DTL.  Due  to  the  small  vertical  scale 
used  in  figure  2,  the  effect  of  the  positive  cells  on  the 
longitudinal  emitance  can  easily  be  seen.  The  additional 
small  continuous  growth  throughout  the  DTL  in  the 
longitudinal  emittance  is  attributed  to  the  small  negative  slope 
seen  in  Table  3  in  the  matching  parameter  (E0T/L).  This 


arose  due  to  a  system  redesign  that  was  driven  by  a  need  to 
increase  the  value  of  the  RFQ  longitudinal  radius  of  curvature 
from  approximately  0.4  cm  to  the  final  value  of  0.604  cm. 


The  pre-stretching  of  the  beam  is  necessitated  by  the  fact 
that  there  is  virtually  no  length  available  for  pre-compaction 
drifting  following  the  DTL.  Therefore  the  beam  is  stretched 
in  both  phase  and  energy  prior  to  the  425  MHz  compaction  by 
utilizing  a  +27°  phasing  in  the  last  four  DTL  cells.  The 
output  momentum  spread  achieved  in  this  manner  is: 

5p/p  -  6.6  x  10-4. 

Figure  3  show  the  beam  brightness  through  the  DTL  with 
varying  RFQ  input  parameters.  The  parameter  space 
spanned  by  the  input  beams  runs  from  the  nominal  case  to  the 
extreme  case  of  64  mA  at  0.013  n  cm-mrad.  (The  beam  input 
values  for  the  7  cases  may  be  found  in  Table  4.)  All  curves 
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in  Figure  3  are  basically  flat  with  the  differences  entirely 
attributable  to  the  current  limit  of  the  RFQ.  This  indicates 
that  the  DTL  design  is  relatively  insensitive  to  the  input  beam 
parameters. 


Figure  3.  Brightness  Through  DTL 


|  Current  (mA) 

Emit  (ncm-mrad) 

Nominal  Input 

28 

0.009 

Low  Current/Emit.  Input 

15 

0.006 

High  Current/Emit.  Input 

40 

0.012 

Case  1  (90%  value) 

47 

0.009 

Case  2  (90%  value) 

51 

0.010 

Case  3  (90%  value) 

54 

0.012 

Case  4  (90%  value) 

64 

0.013 

Table  4.  RFQ  Input  Parameters 


The  irregular  phasing  of  the  first  cell  and  the  final  four 
cells  in  the  design  has  led  to  some  difficulty.  The  phasing 
changes  are  effected  by  changing  the  distance  between  gaps 
from  one  cell  to  the  next.  However,  the  ccntcr-io-ccnter 
spacing  of  the  PMQ  lattice  does  not  change.  It  is  maintained 
in  order  to  minimize  the  effect  of  the  phase  change  on  the 
beam  transverse  properties.  This  results  in  the  PMQs  being 
offset  to  the  end  of  the  drift  tubes  and  therefore  being  shorter 
with  higher  field  gradients.  At  both  ends,  the  PMQs  still 
require  some  minor  but  readily  achievable  redesign. 
Presently  the  largest  problem  seems  to  be  the  low  energy  end- 
plate  PMQ  which  will  probably  have  to  use  an  inner  radius  of 
0.4  cm  to  fit  in  the  drift  tube. 


was  run  with  zero  through  6  cells  phased  in  this  manner.  The 
results  are  shown  in  Figure  4.  Although  more  positive  cells 
were  desired,  it  was  concluded  that  the  maximum  stretching 
that  could  reasonably  be  accomplished  without  significantly 
affecting  beam  performance  was  4  cells. 


Figure  4.  Effect  of  Positive  Phasing  on  Beam  Performance 

IV.  CONCLUSIONS 

The  physics  design  of  the  NPBSE  5  MeV  accelerator  has 
been  presented.  The  standard  concepts  of  device  matching 
were  revisited  in  the  design  which  uses  novel  concepts  for  the 
entrance  &  exit  matching  in  the  DTL.  These  techniques  has 
proven  to  be  very  successful.  Off  nominal  analyses  have 
begun  and  have  shown  the  accelerator  to  be  exceptionally 
robust  in  coping  with  inputs  far  from  the  nominal  values. 
The  use  of  the  DTL  cells  for  matching  have  proven  to  be 
workable  over  a  parameter  range  far  in  excess  of  anything  that 
would  have  been  anticipated. 
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Abstract 

The  design  of  the  Continuous  Wave  Deuterium  Demonstrator 
(CWDD)  and  the  status  of  the  fabricated  hardware  is  presented. 
The  CWDD  is  a  high  brightness,  352  MHz,  CW  linear 
accelerator  designed  to  deliver  a  7.54  MeV,  80  mA  D'  beam  at 
a  transverse  normalized  rms  emittance  of  0.1 1  n  mm-mrad  and 
a  longitudinal  rms  emittance  of  0.20  n  mm-mrad.  End-to- 
end  beam  dynamics  analysis  for  nominal  and  off-design 
conditions  is  described.  The  tuning  and  predicted  operational 
performance  of  the  as-built  device  are  also  discussed.  These 
results  all  indicate  that  the  present  design  can  meet  the  output 
performance  specifications  in  the  presence  of  combined  errors 
at  the  limits  of  the  specified  engineering  tolerances. 
Preliminary  injector  operations  have  been  conducted  at  AEA 
Technologies,  Culham  Laboratory  and  at  Argonne  National 
Laboratory,  where  the  CWDD  is  sited.  Initial  RFQ  beam 
experiments  at  Argonne  are  projected  for  early  1994.  DTL 
installation  and  commissioning  will  be  completed  in  1995. 

I.  INTRODUCTION 

The  Continuous  Wave  Deuterium  Demonstrator  (CWDD) 
is  a  high  brightness,  unfunneled,  352  MHz,  CW  linear 
accelerator  designed  to  deliver  a  7.54  MeV,  80  mA  D‘  beam 
with  a  transverse  normalized  rms  emittance  of  0.11  n  mm- 
mrad  and  a  longitudinal  rms  emittance  of  0.20  7t  mm-mrad. 
The  device,  which  has  been  built  by  Grumman  and  principal 
subcontractor  AEA  Technology,  Culham  Laboratory  with  the 
assistance  of  the  Los  Alamos  National  Laboratory,  is  sited  at 
the  Argonne  National  Laboratory.  The  purpose  of  CWDD  is 
to  demonstrate  automatic  control  of  a  cryogenic,  CW,  high 
brightness  deuterium  accelerator.  Figure  1  is  a  component 
schematic  that  illustrates  the  principle  design  point 
performance  parameters  that  characterize  the  CWDD  beamline. 
Powers  are  room  temperature  (RT)  values. 


Figure  1.  CWDD  component  schematic  and  key  parameters. 
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2  Argonne  National  Laboratory,  9700  S.  Cass  Avenue, 
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Figure  2  demonstrates  that  in  an  end-to-end  source-to- 
dump  beam  dynamics  simulation,  CWDD  target  performance 
values  for  transverse  and  longitudinal  emittance  (the  identified 
horizontal  lines)  are  met  at  the  end  of  the  DTL  accelerator 
where  the  performance  will  be  characterized. 


Figure  2.  End-to-End  CWDD  Beam  Dynamics  Simulation. 


The  goal  of  the  CWDD  physics  design  was  to  meet  the 
output  performance  targets  for  energy,  current,  transverse  and 
longitudinal  emittance.  Below,  we  describe  the  beam 
dynamics  of  each  beamline  component  and  the  current  status 
of  the  associated  hardware. 

II.  INJECTOR 

The  principal  physics  issue  for  the  CWDD  injector  is  the 
ability  of  the  Culham  negative  ion  volume  source  to  meet  the 
required  CW  performance  specifications  of  both  the  nominal 
90  mA  current  at  0.150  tc  mm-mrad,  and  50  mA  at  the 
nominal  0.075  7t  mm-mrad  emittance.  Additional  areas  of 
concern  are  stripping  and  emittance  growth  of  the  negative  ion 
beam  in  the  accelerator  column  and  LEBT,  and  problems 
associated  with  the  electron  component  extracted  from  the 
source.  An  electron  suppression  technique  to  reduce  the 
extracted  electron  component,  and  a  novel  electron  trapping 
technique  that  uses  rotating  dipoles  to  spread  the  electron 
power  load  on  the  dump  are  used. 

Both  analytical  calculations  and  numerical  modeling  using 
the  SCHAR  code  have  been  used  to  model  emittance  growth 
within  the  LEBT  solenoid  and  drift  spaces.  The  resultant 
emittance  growths  for  the  50  mA,  0.075  n  mm-mrad  case  are 
3.7  ±  0.5  %  due  to  aberrations  for  an  aligned  solenoid  with  a 
K-V  beam  distribution,  as  shown  on  the  right  of  Figure  3,  and 
2  ±  1  %  due  to  space  charge  at  an  effective  LEBT  current  of  1 
mA.  Monte  Carlo  calculations  have  been  performed  for 
stripping  within  the  DC  accelerator  using  an  axisymmeiric 
computer  code.  Assuming  a  gas  temperature  of  700  °K 
throughout  the  accelerator,  the  derived  pressure  profiles 
suggest  that  between  24%  and  34%  of  the  negative  ions  will 
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be  stripped  for  the  range  of  source  and  accelerator  operating 
parameters  envisaged.  The  AXCEL  code  has  been  used  to 
confirm,  as  shown  on  the  left  of  Figure  3,  that  the  DC 
accelerator  will  operate  correctly  as  the  initial  LEBT  lens,  and 
that  the  fust  gap  potential  needed  to  obtain  the  required  output 
beam  can  be  varied  by  changing  the  length  of  the  second  grid. 


III.  RFQ 

The  principal  design  parameters  of  the  CWDD  RFQ, 
which  is  shown  in  Figure  4,  are  listed  in  Table  I.  In 
designing  the  accelerator,  the  Kilpatrick  factor  was  set  to  1.8. 
Scoping  studies  that  traded  length,  transmission,  current  limit 
and  emiuance  growth  were  performed.  Input  and  output  RFQ 
energies  together  with  the  aperture,  synchronous  phase  and 
energy  at  the  internal  RFQ  breakpoints  between  the  shaper, 
gentle  buncher  and  accelerating  sections  were  used  to  drive 
these  trades  and  generate  the  Table  I  parameters. 


Figure  4.  The  CWDD  RFQ. 


The  accelerator  features  include  end  stabilizers  and  a 
constant  minimum  aperture,  a,  where  the  average  vane 
aperture,  r0,  varies  to  reduce  the  length  of  the  structure 
accelerating  section  by  maintaining  the  accelerating  field  with 
P  at  a  constant  peak  surface  electric  field  (PSEF).  The  vanes 
have  a  constant  radius  (3/4  rj,  except  in  the  accelerator  section 
where  the  radius  increases  to  maintain  the  desired  resonant 
frequency.  This  yields  an  enhancement  factor  of  1.26  which 
has  been  factored  into  the  Kilpatrick  value  and  PSEF. 

The  outstanding  issues  for  the  CWDD  RFQ  are  the 
longitudinal  field  stability  of  the  4.6X  device,  where 
conventional  wisdom  recommends  the  length  be  maintained 
under  4X,  the  13%  current  loss  and  the  control  consequences 
of  very  high  beam  loading  in  the  CW  cryogenic  device,  and 
the  ratio  of  the  design  current  to  the  accelerator  current  limit, 
which  is  slightly  higher  than  the  30%  rule  of  thumb. 

The  high  RFQ  input  energy  is  driven  by  deuterium 
operation,  the  high  current  performance  requirement  and  the 
resultant  high  RFQ  current  limit.  Additional  advantages  of 


high  injector  output  energy  are  reduced  LEBT  stripping,  and 
improved  margin  with  respect  to  LEBT  instability. 


Table  I.  CWDD  RFQ  Design  Parameters. 


Injection  Energy 

0.200 

MeV 

Output  Energy 

2.004 

MeV 

Input  Current 

92.0 

mA 

Output  Current 

80.2 

mA 

Transmission 

87.1 

% 

Current  Limit 

140. 

mA 

Final  Synchronous  Phase 

-33.0 

degree 

Initial  (Final)  Intervane  Voltage 

87.7  (92.0) 

kV 

Maximum  Vane  Modulation 

1.625 

Peak  Surface  Field 

33.7 

MV/m 

Vane  Length 

3.96  (4.64) 

m  (X) 

Kilpatrick  Factor 

1.80 

Enhancement  Factor 

1.26 

Minimum  Vane  Aperture 

0.257 

cm 

Initial  (Final)  Average  Aperture 

0.328  (0.337)  cm  j 

Minimum  Longitudinal  Radius 

3.499 

cm 

Admittance 

1.153 

n  mm-mrad 

Input  Transverse  Emiuance 

0.075 

n  mm-mrad 

Output  Transverse  Emittance 

0.099 

re  mm-mrad 

Output  Longitudinal  Emittance 

0.175 

7t  mm-mrad 

Transverse  Phase  Advance  (1=0) 

6.6  (17.7) 

degree 

Longitudinal  Phase  Advance  (1=0) 

5.4  (13.1) 

degree 

Table  II,  CWDD  Tolerance  Criteria  Summary 


Location 

Type  Criterion 

Injector 
to  RFQ 
Interface 

Beam  Axis  Misalignment  <i>  S  ±  020  mm 

Beam  Angular  Misalignment  <i’>  £  ±  3.0  mrad 
Transverse  Beam  RMS  Size  <lr-<ot>  £  ±  5% 

(±  10%  <  5  msec) 

RMS  Convergence  Angle  <lf-<r,>l>  5  ±  2.5  mrad 

Beam  Energy  Offset  AW  £  ±  1%  or  ±  2  keV 

Internal 

RFQ 

RF  Amplitude  AV  £  ±  1% 

RF  Phase  A«t>S±  1° 

Vane  Machining  Errors  Ar  £  ±  1  mil 

MS  to 
RGDTL 

Interface 

Axis  Misalignment  <x>,<y>  £  ±  0.20  mm 

Axis  Angular  Misalignment  <x'>,<y">  S  ±  3.0  mrad 
Beam  Energy  Offset  AW  £  ±  5  keV 

Buncher  RF  Amplitude  AV  £  ±  1% 

Buncher  RF  Phase  Ad>  £  ±  1® 

Internal 

RGDTL 

RF  Amplitude  AV  £  ±  1% 

RF  Phase  A<I>  £  ±  1® 

PMQ  Field  Strength  AK  £  ±  5%  (±  1%  random) 

PMQ  Tilt :  Roll  A0£±l%:±0.5% 

PMQ  Transverse  Alignment  Ar  £  ±  2  mils 

The  impact  of  interface  or  engineering  tolerance  variation 
is  traced  through  the  entire  downstream  beamline.  The 
tolerance  criteria  selected  reflect  a  specified  acceptable 
deterioration  in  the  RGDTL  output  beam  performance.  Our 
guideline  sought  to  keep  the  design  point  transmission  above 
86.5%,  the  transverse  emiuance  growth  under  5%,  and  the 
longitudinal  emittance  growth  under  10%  for  off-design 
conditions.  Additionally,  we  have  verified  that  the  other 
scenarios,  in  particular  the  potentially  damaging  90  mA, 
0.0130  n  cm-mrad  CW  scenario,  and  the  impact  of  higher 
order  field  components  in  the  RFQ,  can  be  accommodated  by 
the  engineering  design  also  under  this  maximum  combined 
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off-design  condition.  The  tolerances  for  the  entire  beamline 
arc  summarized  in  Table  II. 

IV.  RGDTL  AND  MATCHING  SECTION 

Figure  5  schematically  illustrates  the  matching  section, 
which  consists  of  a  single  buncher  cavity  and  three  PMQs 
(permanent  magnetic  quadrupoles).  PMQ  alignment  steering 
uses  the  two  magnets  straddling  the  buncher.  The  MS  delivers 
a  satisfactorily  matched  beam  to  the  RGDTL  over  the 
anticipated  range  of  operating  conditions.  The  output  of  this 
system  is  be  a  parallel  beam  suitable  for  immediate  diagnosis. 


Figure  S.  Schematic  Illustration  of  MS  Geometry. 


The  RGDTL  employs  a  constant  g/L  =  0.2  for  all  cells 
which  results  in  near  optimal  values  for  the  transit  time 
factors  but  complicated  the  manufacture.  The  resonant 
frequency  is  established  by  varying  the  face  angles  from  cell  to 
cell  over  the  range  of  -1.0°  to  -5.0°.  The  low  input  energy  is 
the  minimum  that  leads  to  an  acceptable  engineering  design 
for  the  first  drift  tube.  This  lower  DTL  input  energy  permits  a 
higher  initial  DTL  accelerating  field  which  is  desirable  for 
controlling  longitudinal  emiuance  and  yields  a  more  efficient 
ramp  section.  The  maximum  Kilpatrick  factor  is  1.4  at  the 
high  energy  end  of  the  accelerator.  The  accelerating  field  is 
ramped  from  ~  2.0  to  -  4.0  MV/m  in  the  47  cell  RGDTL. 
The  linear  ramp  will  be  imposed  in  the  single  tank  by 
detuning  the  DTL  end  cells.  We  used  a  constant  ramp  defined 
by  a  fixed  longitudinal  focusing  prescription  that  maintains 
the  bunch  length. 

We  adopted  a  FO-FO-DO-DO  lattice  structure  to  reduce 
the  required  PMQ  gradient  to  achievable  levels.  The  zero 
current  transverse  phase  advance  in  the  4JJX  structure  (-70°) 
does  not  exceed  the  beam  stability  boundary  (90°).  Although 
the  tolerances  and  available  space  are  light,  from  the 
standpoint  of  the  required  magnetic  properties  and  from 
mechanical  or  thermal  design  considerations,  the  drift  lubes 
and  the  PMQs  can  be  successfully  engineered. 

Finally,  various  commissioning  analyses  have  been 
completed.  For  instance,  Figure  6  illustrates  the  calculated 


DTL  tuning  diagram  which  will  be  used  to  set  the  accelerator 
RF  phase  and  amplitude. 


-60  -50  -40  -30  -20  -10  0 


OUTPUT  PHASE  (°) 

Figure  6.  CWDD  RGDTL  Tuning  Diagram. 

V.  HEBT,  BEAM  DUMP  AND  DIAGNOSTICS 

Beam  spill  is  the  principal  HEBT  and  beam  dump 
physics  issue.  However,  beam  dynamics  analysis  indicates 
that  it  is  not  a  serious  concern  for  the  present  design  over  the 
spectrum  of  anticipated  operating  conditions.  The  effectiveness 
of  the  HEBT  transverse  emiuance  diagnostic  and  the  various 
fast  shut  down  diagnostics  are  critical.  Figure  7  shows  the 
Injector,  RFQ  and  HEBT  as  presently  installed  at  Argonne. 


Figure  7.  The  present  installed  CWDD  beamline  at  Argonne. 


VI.  CONCLUSIONS 

The  352  MHz  CWDD  has  been  designed  to  deliver  a  734 
MeV,  80  mA  CW  D'  beam  with  normalized  rms  emiuance 
values  of  0.11  and  0.20  n  mm-mrad  in  the  transverse  and 
longitudinal  planes  respectively.  Nominal  and  off-design 
analysis  of  the  device  have  been  completed,  and 
commissioning  support  analysis  is  in  progress.  Injector 
acceptance  tests  will  be  completed  in  August  1993,  first  RFQ 
experiments  are  scheduled  for  early  1994,  and  the  DTL  will  be 
installed  and  commissioned  in  1995. 
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Beam  Matching  Section  in  the  INS  Heavy  Ion  Linac  Complex 


K.  Niki,  S.  Arai,  Y.  Hashimoto,  H.  Masuda,  M.  Tomizawa  and  K.  Yoshida 
Institute  for  Nuclear  Study,  University  of  Tokyo 
3-2-1  Midori-cho,  Tanashi-shi,  Tokyo  188,  Japan 


Abstract 

The  beam  transport  system  between  a  25. 5- MHz  split- 
coaxial  RFQ  and  a  51-MHz  interdigital-H  linac  has  been 
designed.  This  transport  system  is  composed  of  a  charge 
stripper,  a  25.5-MHz  rebunching  cavity  and  two  quadrupole 
doublets.  A  170-keV/u  beam  passes  through  the  stripper  and 
its  charge  state  is  increased  up  to  a  charge- to-mass  ratio  greater 
than  1/10.  The  rebuncher  causes  an  aberration  of  the 
longitudinal  beam  profile  due  to  its  non-linear  accelerating 
field.  In  order  to  contain  the  distorted  beam  profile  by  the 
aberration  in  the  acceptance  of  the  IH,  the  rebunching  cavity 
must  be  operated  at  25.5  MHz.  We  have  carried  out  a  beam 
trace  by  taking  account  of  the  aberration  and  the  effects  of  the 
increase  of  the  charge  state,  the  energy-loss,  the  straggling  and 
the  scattering  in  the  stripper,  and  compared  its  results  with  the 
design  assuming  a  linear  system. 

I.  INTRODUCTION 

Exotic  nuclei  arena  (E-arena)  project,  the  acceleration  of 
the  unstable  nuclei  beams  from  an  isotope  separator  on-line 
(ISOL),  is  proposed  in  the  Japanese  Hadron  Project  (JHP).  A 
prototype  E-arena  project  at  Institute  for  Nuclear  Study  is 
proceeding  since  1992.  We  are  constructing  two  linacs:  a 
25.5-MHz  split  coaxial  RFQ  (SCRFQ)  and  a  51-MHz 
interdigital-H  (IH)  linac.  The  former  accelerates  unstable 
nuclei  up  to  170  keV/u,  and  the  latter  up  to  1  MeV/u  at 
maximum.  The  minimum  chargc-to-mass  ratio  (q/A)  is  1/30 
at  the  SCRFQ  and  1/10  at  the  IH  linac;  hence,  a  charge 
stripper  is  necessary.  For  the  charge  stripping  and  the  beam 
matching  between  the  linacs,  we  have  designed  a  beam 
transport  system,  as  shown  in  Fig.  1 .  The  design  procedure  is 
reported  in  this  paper. 

II.  ACCEPTANCE  OF  THE  IH  LINAC 

The  acceptances  of  the  IH  linac  is  shown  in  Fig.  2.  We 
designed  the  transport  system  so  that  the  beam  profiles  match 
to  the  solid  ellipses  in  the  figure.  The  parameters  of  these 


Quadrupole  Doublet 

Figure  1.  The  schematic  view  of  the  transport  system 

ellipses  are  listed  in  Table  1,  where  the  emittance  parameters 
of  the  beam  at  the  exit  of  the  SCRFQ  are  also  listed.  The 
acceptances  of  the  IH  linac  is  larger  these  ellipses,  as  indicated 
by  the  dots  and  open  circles  in  the  figure.  The  normalized  area 
of  the  solid  ellipses  in  the  x-x'  and  y-y'  space  are  about  2.4  n 
mm-mrad.  The  normalized  emittances  from  the  SCRFQ  are 
0.6  ji  mm-mrad.  The  solid  ellipse  area  in  the  A<)>-A T  space  is 

Table  1 


Figure  2.  Emittance  profiles  at  the  input  of  the  IH  linac.  The  dots  ( x-x'  and  y-y'  spaces )  and  open  circles  (  A$-A7'  space  ) 
indicate  the  acceptances  of  the  IH  linac.  The  solid  lines  are  the  ellipses  to  which  the  beam  profiles  are  to  be  matched  by  the 
design.  See  the  ellipse  parameters  in  Table  1 . 
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(a)(  1.0  m,  0.6  m)  (b)  ( 1.5  m,  0.75  m  )  (c)  (  2.0  m,  0.9  m  )  (d)  (  2.5  m,  1.05  m  )  (e)  (  3.0  m,  1.2  m  ) 

Figure  3.  The  beam  profiles  at  the  entrance  the  IH  linac  ( a  10-pg/cm2  stripper  and  a  25.5-MHz  rebuncher 


about  200  jr  keV/u-deg  and  the  emittance  from  the  SCRFQ  is 
about  75  tr  keV/u-deg. 


m.  CHARGE  STRIPPER 

We  designed  this  transport  system  by  using  12C+  ions  as 
a  beam  from  the  SCRFQ,  because  they  have  larger  energy-loss 
and  -straggling  per  nucleon  in  the  snipper  than  other  ions  with 
a  q/A  less  than  1/10  [3].  The  energy  toss  is  about  6  keV/u 
and  the  straggling  is  about  ±1  keV/u  in  rms  when  the  170- 
keV/u  beam  through  a  carbon  foil  with  a  thickness  of  10 
pg/cm2.  The  charge  states  after  the  stripper  are  1.7%  (1+), 
23%  (2+),  57%  (3+),  18%  (4+)  and  0.7%  (5+)  [4],  In  order  to 
make  the  energy  loss  and  the  straggling  small,  a  thin  stripper 
foil  is  preferable.  However,  for  the  handling  safely  and  the 
achievement  of  the  complete  charge  equilibrium  state,  a  thick 
foil  would  be  better.  The  thickness  of  10  pg/cm2  is  enough 
to  achieve  the  equilibrium  charge  state.  The  thickness  of  5 
pg/cm2  may  be  enough.  The  two  thickness  are  considered  as 
the  candidates. 

IV.  LONGITUDINAL  MATCHING 

When  a  single  buncher  is  used  for  the  beam  matching  in 


-70  -so  -30  -10  10  30 


PH  ASE(deg) 

Figure  4.  The  dashed  and  dotted  lines  indicate  the  beam 
profiles  obtained  by  the  25.5-MHz  rebuncher  and  the  51  MHz 
one,  respectively.  These  profiles  are  with  12  of  0.9  m  and  the 
10-pg/cm2  stripper.  The  solid  line  is  the  acceptance  of  the  IH 
linac. 


the  longitudinal  phase  space,  the  optimized  condition  is 
determined  by  the  following  parameters:  the  emittance  at  the 
SCRFQ  output  (841, 8T),  the  position  and  the  thickness  of  the 
stripper  foil,  the  position  and  the  frequency  of  the  rebuncher, 
and  the  acceptance  of  the  IH  linac  (8<t>,8T).  The  voltage  and 
the  phase  of  the  buncher  are  uniquely  determined  as  functions 
of  these  parameters  when  the  longitudinal  matching  is  satisfied 
between  the  SCRFQ  and  the  IH  linac.  In  these  parameters, 
the  position  of  the  stripper  foil  is  determined  at  10  cm  after 
the  SCRFQ,  because  the  transverse  emittance-growth  in  the 
stripper  foil  is  proportional  to  the  beam  size  and  the  position 
where  the  beam  size  is  relatively  small  is  just  behind  the 
SCRFQ.  Consequently  the  free  parameters  are  the  thickness 
of  the  stripper  foil,  the  position  and  the  frequency  of  the 
rebuncher. 

As  discussed  in  Sect.  3,  the  thickness  of  the  stripper  foil 
might  be  5  or  10  pg/cm2.  The  operating  frequency  of  the 
rebuncher  should  be  25.5  or  51  MHz,  the  frequencies  of  the 
linacs.  Since  a  linear  accelerating  filed  would  cause  no 
distortion  of  the  beam  profile,  the  lower  frequency  is  better. 
However,  the  higher  frequency  can  easily  keep  the  size  of  the 
cavity  small.  Finally  we  have  four  possibilities  about  the 
thickness  of  the  stripper  foil  and  the  frequency  of  the 
rebuncher.  In  each  case,  the  position  of  the  rebuncher  ( the 
distance  l\  between  the  SCRFQ  and  the  rebuncher )  gives  the 
longitudinal  beam  profile  at  the  entrance  of  the  IH  linac  and 
the  distance  I2  between  the  rebuncher  and  the  IH  linac.  As  a 
result,  we  chose  the  combination  of  a  10-pg/cm2  stripper  and 
a  25.5-MHz  rebuncher.  Figure  3  shows  the  beam  profiles 
obtained  with  this  combination.  When  I2  is  longer  than  0.9 


m,  the  distortion  of  the  beam  profile  is  greater.  The  longest 
12  in  which  the  beam  profile  can  be  contained  completely  in 
the  acceptance  of  the  IH  linac  is  about  0.9  m.  In  this  case  l\ 
is  2.0  m  and  the  beam  profile  is  in  Fig.  3-(c).  Figure  4 
indicates  the  beam  profiles  obtained  by  means  of  the  25.5- 
MHz  rebuncher  and  the  51-MHz  one.  The  profile  with  the 
frequency  of  25.5  MHz  is  better  due  to  the  smaller  aberration. 
Though  the  beam  profile  with  the  5-pg/cm2  stripper  is  better 
than  10  pg/cm2,  the  rebuncher  with  the  frequency  of  25.5 
MHz  is  still  necessary.  The  result  from  the  longitudinal 
design  study  is  that  the  rebuncher  with  the  frequency  of  25.5 
MHz  is  required  and  I2  is  less  than  about  0.9  m.  As  setting 
beam  monitors  and  quadrupole  magnets  and  etc.,  I2  would 
better  have  a  enough  space  and  must  be  considered  with  the 
further  studies  of  the  transverse  matching. 
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Figure  5.  The  emittance  profiles  at  the  exit  of  this  transport  system.  The  dots  are  obtained  by  using  TRACEP.  Veff  and  Gqs 
are  optimized  for  ions  of  *2C3+  after  the  stripper.  The  solid  ellipses  are  the  goaled  profiles  at  the  IH  linac  entrance. 


V.  TRANSVERSE  MATCHING 


As  mentioned  in  Sect  2,  the  normalized  beam  acceptances 
of  the  IH  linac  are  2.4  n  mm-mrad.  The  solid  lines  in  Fig.  2 
have  the  ellipse  parameters  of  the  p  of  0.8  m  and  the  a  of  2.8. 
In  order  to  match  the  beam  profiles  to  these  ellipses,  the 
position  and  field  gradient  (Gq)  of  the  quadrupole  magnets  are 
determined  by  using  the  program  MAGIC.  The  position,  the 
voltage  and  the  phase  of  the  rebuncher  are  determined  by  the 
matching  condition  in  the  longitudinal  phase  space.  As  the 
result,  the  rebuncher  has  defocusing  force  expressed  by  the 
following  matrix: 


[l  0 


6  = 


»1UC 


Wx 


siru>s. 


where  Veff  =  (gap  voltage)  x  (transit  time  factor),  mu  is  the 
atomic  mass  unit,  c  is  velocity  of  light,  3  is  the  relativistic 
velocity  of  the  ions,  y  is  the  Loren tz  factor,  X  is  the  free  space 
wavelength,  is  the  synchronous  phase.  Using  the  ellipse 
parameters  at  exit  of  the  SCRFQ  and  the  entrance  of  the  IH 
linac,  and  the  above  matrix  for  the  rebuncher,  the  position  and 
Gqs  are  determined.  The  result  of  these  studies  is  that  one 
quadrupole  triplet  is  not  enough  to  optimize  the  transverse 
matching.  Two  quadrupole  doublets  are  necessary.  Especially 
one  set  of  doublet  must  be  placed  just  before  the  IH  linac, 
because  the  strongly  focused  beam  must  be  inject  to  the  IH 
linac  in  the  both  x  and  y  plane.  Consequently  the  spacing 
between  the  rebuncher  and  the  IH  linac  must  be  greater  than 
about  0.9  m  for  setting  the  doublets.  Then  12  is  determined  to 
be  about  0.9  m. 


VI.  RESULTS  AND  SUMMARY 

Using  parameters  determined  in  the  above  studies,  we  take 
a  trace  of  1^C+  ions  with  the  program  TRACEP.  The 
parameters  are  optimized  for  ions  with  a  charge  state  of  3+ 
after  the  stripper.  Figure  S  indicates  the  emittance  profiles  at 
the  exit  of  this  transport  system.  The  solid  lines  in  Fig.  5  are 
the  same  ellipses  as  ones  in  Fig.  2.  The  profiles  show  a  good 
matching  to  these  ellipses.  At  the  stripper,  we  take  into 
account  of  the  effects  of  the  energy  straggling  and  the 


scattering.  As  a  result,  the  emittance-growth  rate  of  the  beam 
is  about  1.6  in  the  horizontal  plane  and  about  1.2  in  the 
vertical  one.  In  the  longitudinal  phase  space  the  emittance- 
growth  rate  is  about  1.4. 

The  non-linear  accelerating  field  of  the  rebuncher  causes  an 
aberration  in  the  longitudinal  beam  focusing.  The  rebuncher 
working  at  2 5.5  MHz  is  required  to  reduce  the  distortion  of  the 
beam  profile.  Setting  the  rebuncher  near  the  IH  linac  is  also 
required  ( I2  ^  0.9  m).  For  the  transverse  matching  of  the 
beam,  one  quadrupole  doublet  must  be  placed  just  before  the 
IH  linac.  A  space  longer  than  0.9m  is  necessary  to  set  a 
doublet  between  the  rebuncher  and  the  IH  linac  ( I2  5  0.9  m). 
Therefore,  the  distance  between  the  rebuncher  and  the  IH  linac 
is  determined  to  be  0.9  m  and  the  total  length  of  this  transport 
system  is  2.9  m.  As  the  rebuncher  with  a  frequency  of  25.5 
MHz,  a  spiral  loaded  cavity  [5,6]  is  being  developed  to  keep 
the  size  of  the  resonator  small. 
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Abstract 

A  heavy  ion  linac  complex  for  unstable  nuclei 
is  under  construction  at  INS.  The  linac  complex 
consists  of  a  255-MHz  split  coaxial  RFQ  (SCRFQ), 
a  charge-stripper  section,  and  a  51-MHz 
intenligital-H  (IH)  linac.  The  SCRFQ  with  modu¬ 
lated  vanes,  03  m  in  diameter  and  8.6  m  in  length, 
accelerates  ions  with  a  charge-  to-mass  ratio  (q/A) 
greater  than  1/30  from  2  to  170  keV/u.  The  stripper 
is  a  carbon  foil.  The  IH  linac,  1.34  m  in  diameter 
and  554  m  in  total  length,  comprises  four  cavities 
and  three  magnetic  quadrupole  triplets  placed 
between  cavities,  accelerates  ions  with  q/A  2  1/10, 
and  varies  the  output  energy  continuously  in  the 
range  0.17  ~  1.05  MeV/u.  The  duty  factor  of  the 
linac  complex  is  30%  for  q/A  =  1/30  iona 

I.  INTRODUCTION 

A  short-lived  nuclear  beam  acceleration 
facility,  which  is  a  prototype  for  the  exotic  nuclei 
arena  (E-Arena)  of  the  Japanese  Hadron  Project 
(JHP),  has  been  under  construction  since  fiscal  year 
1992  at  INS.  This  facility  aims  to  carry  forward 
the  R&D  of  isotope  separator  on-line  (ISOL)  and 
heavy  ion  linac  as  well  as  the  studies  on  nuclear 
astrophysics,  structure  of  unstable  nuclei,  etc.  The 
facility  is  composed  of  an  SF  cyclotron,  an  ISOL 
and  a  1-MeV/u  heavy  ion  linac.  The  layout  of 
the  facility  is  shown  in  Figure  1.  The  radioactive 
nuclei,  produced  by  bombarding  a  thick  target  with 
a  40-MeV  10-/iA  proton  beam  from  the  existing 
cyclotron  at  INS,  are  ionized  in  an  ion  source, 
mass-analysed  by  means  of  the  ISOL  and  trans¬ 
ported  to  the  heavy  ion  linac  through  a  50  m  long 
beam  line.  The  linac  is  an  accelerator  complex 
composed  of  a  255-MHz  split  coaxial  RFQ  (SCRFQ) 
with  modulated  vanes,  a  charge-stripper  section, 
and  a  51-MHz  interdigital-H  (IH)  linac.  The  SCRFQ 
accelerates  ions  with  a  charge- to- mass  ratio  (q/A) 
greater  than  1/30  from  2  to  170  keV/u.  The  beam 
from  the  SCRFQ  is  charge-stripped  by  a  carbon  foil, 
and  is  transported  to  the  IH  linac  through  two 
magnetic-quadrupole  doublets  and  a  255- MHz 
rebuncher  cavity.  The  IH  linac  accelerates  ions  with 
q/A  2  1/10  up  to  1.05  MeV/u.  The  output-beam 
energy  is  variable  between  0.17  and  1.05  MeV/u. 
The  duty  factor  of  the  linac  complex  depends  on 
q/A  of  the  ions  nearly  100%  at  q/A  2  1/16,  and 


given  by  270  X  (q/A)2  at  1/17  2  q/A  2  1/30.  The 
main  parameters  of  the  linac  complex  are  shown 
in  Table  1. 
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Figure  1.  Layout  of  the  radioactive-beam 
acceleration  facility. 


Table  1 

Main  parameters  of  the  heavy-ion  linac  complex 


Input  energy 
Output  energy  (variable) 
Energy  spread  (half  width) 
Beam  emittance  (normalized) 
Intensity  (radioactive  nuclei) 
Charge- to-mass  ratio  (q/A) 
Mass  number 
Duty  factor  (for  q/A= 1/30) 
Repetition  rate 
Total  length 


2  keV/u 
170  ~  1046  keV/u 
2  ~  5% 
0.67T  mm-mrad 
107  ~  10u  ions/s 
2  1/30 
S  60 
30% 

20  ~  1000  Hz 
17  m 
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II.  SPLIT  COAXIAL  RFQ 

The  accelerating  cavity,  0.9  m  in  diameter 
and  8.6  m  in  length,  is  under  construction.  Main 
parameters  of  the  SCRFQ  are  listed  in  Table  2.  This 
SCRFQ  is  an  extended  version  of  a  prototype  model 
(25.5  MHz,  q/A  2  1/30,  1  -*  45.4  keV/u,  0.9  m  in 
diameter,  2.1  m  in  length).  The  design  of  the  new 
SCRFQ  is  based  on  the  experience  gained  through 
the  operation  of  the  prototype  (1).  The  8.6  m  long 
SCRFQ  comprises  four  unit  cavities,  whose  structure 
is  nearly  same  as  that  of  the  prototype.  We 
fabricate  three  unit  cavities  and  connect  them 
together  with  the  prototype  cavity. 


Table  2 

Main  Parameters  of  the  25.5 -MHz  SCRFQ 


Frequency  (/) 

25.5  MHz 

Charge-to-mass  ratio  (q/A) 

2  1/30 

Kinetic  energy  (T)  2 

-  172  keV/u 

Normalized  emittance  (C n)  0.6n  mm-mrad 

Vane  length  (L) 

8585  m 

Number  of  cells  (radial  matcher) 

172  (20) 

Kilpatrick  factor  (/k) 

2.49 

Intervane  voltage  ( V ) 

108.6  kV 

Mean  bore  radius  (r0) 

0.985  cm 

Min.  bore  radius  (amm) 

0539  cm 

Margin  of  bore  radius  (amln/abe.ai) 

1.2 

Focusing  strength  ( B ) 

55 

Transmission  efficiency  (for  q//  -1/30 

ions): 

at  0  mA  input 

91.4% 

at  1  mA  input 

90.6% 

at  2  mA  input 

90.2% 

at  5  mA  input 

83.2% 

The  modifications  and  improvements  intro¬ 
duced  to  the  new  SCRFQ  are  as  follows.  1)  The 
duty  factor  for  q/A  =  1/30  ions  was  10%  at  the 
prototype,  whereas  30%  at  the  new  RFQ.  For  such 
a  high-duty  operation  with  a  maximum  peak  power 
of  350  kW,  we  have  thickened  the  water  cooling  pipes 
of  the  cavity.  Furthermore,  the  vane  coupling  rings 
installed  in  the  prototype  have  been  removed,  because 
they  caused  appreciable  shift  of  the  resonant  fre¬ 
quency  in  high- power  operations.  2)  The  energy  of 
the  input  beam  is  1  keV/u  at  the  prototype,  whereas 
2  keV/u  at  the  new  RFQ.  Since  the  beam  emittance 
has  become  smaller,  the  beam  transport  from  the 
ISOL  to  the  SCRFQ  will  be  easier.  3)  As  for  the 
vane-tip  geometry  of  the  prototype,  the  transverse 
radius  of  curvature  is  constant  at  the  mean  bore 
radius,  Pt  =  r0  (0.946  cm)  (2).  At  the  new  RFQ, 
however,  Pt  is  variable  in  the  low-energy  part  (up 
to  the  center  of  the  76th  cell),  and  Pt  =  r0  (0.985  cm) 
in  the  high-energy  part.  The  vanes  in  the  first  unit 


cavity  are  machined  by  means  of  a 
three-dimensional  cutting  technique;  the  cutter  is  a 
ball-end-mill.  A  two-dimensional  cutting  technique 
is  applied  to  the  other  vanes;  the  cutter  edge  is 
shaped  to  the  transverse  cross  section  of  the  vane  tip. 
4)  For  the  both  vane-tip  geometries,  we  have  made 
a  correction  on  the  aperture  parameter  a  and 
modulation  m  (Aio  correction).  These  parameters 
were  optimized  in  the  beam  dynamics  design  by 
using  the  PARMTEQ  program.  In  the  PARMTEQ 
simulation,  the  electric  field  is  derived  from  the 
two-term  potential  function  by  Kapchinskii  and 
Teplyakov.  The  actual  electric  field  generated  by 
the  vanes  is,  however,  different  from  that  used  in 
the  simulation;  particularly,  the  At0  coefficient  is 
different.  The  Ai0  term  is  important  among  the 
multi-pole  terms,  because  it  is  the  principal  term 
yielding  the  acceleration  field.  Through  acceleration 
tests  on  the  prototype  RFQ  without  Ai0  correction, 
we  verified  that  the  Ai0  correction  is  indispensable 
to  Pt  =  ro  vanes. 

III.  INTERDIGITAL-H  LINAC 

The  IH  linac,  1.34  m  in  diameter  and  5.54  m 
in  total  length,  comprises  four  cavities  and  three 
quadrupole  triplets,  as  illustrated  in  Figure  2  (3). 
The  main  parameters  of  the  IH  linac  are  listed  in 
Table  3. 


i  m 

Figure  2.  Schematic  view  of  the  IH  linac. 


Table  3 

Main  parameters  of  the  IH  linac 


Cavity  number 

I 

II 

III 

IV 

Resonant  frequency  (MHz) 

51 

51 

51 

51 

Min.  charge- to  mass  ratio 

1/10 

1/10 

1/10 

1/10 

Synchronous  phase  (deg) 

25 

-25 

-25 

-25 

Max.  output  energy  (keV/u)  292 

471 

721 

1046 

Cavity  diameter  (m) 

1.34 

1.34 

1.34 

1.34 

Cavity  length  (m) 

059 

0.84 

1.15 

153 

Number  of  cells 

9 

10 

11 

12 

Max.  gap  voltage  (kV) 

200 

250 

315 

370 

Effective  shunt 

impedance  (Mfi/m) 

751 

510 

345 

244 

Max.  peak  power  (kW) 

5 

11 

22 

40 

1784 


The  IH  linac  has  the  following  characteristics:  1)  it 
accelerates  ions  from  a  very  low  energy  of 
170  keV/u;  2)  synchronous  phase  is  chosen  at  -25° 
to  assure  the  stable  longitudinal  motion  in  spite  of 
the  strong  transverse  rf  defocusing  force  in  the 
accelerating  gaps;  3)  to  obtain  high  shunt  impedance, 
a  7T-7T  mode  is  adopted  as  an  accelerating  periodic 
structure,  and  no  transverse  focusing  element  is 
installed  in  the  drift  tubes;  4)  the  IH  linac  is  divided 
into  four  cavities  to  set  the  transverse  focusing  ele¬ 
ments  locally,  and  to  vary  the  output  energy  easily; 
5)  the  output  energy  is  continuously  varied  by 
changing  the  rf  power  and  the  phase  in  a  last  cavity 
of  the  working  ones. 

The  quadrupole  triplet  is  placed  in  short  space 
of  47.5  cm  to  make  the  decrease  of  the  longitudinal 
acceptance  small.  As  a  result,  the  longitudinal 
acceptance  is  2007T  keV/u  deg,  which  is  nearly  three 
times  as  large  as  the  predicted  beam  emittance  from 
the  SCRFQ.  The  transverse  emittance  of  the  radi¬ 
oactive  beams  is  estimated  to  be  less  than 
0.17T  mm  mrad.  However,  an  acceptance  larger  than 
this  value  is  required,  considering  the  emittance 
growth  at  the  charge  stripper  and  the  acceleration 
of  stable  nuclei  from  other  ion  sources.  The 
acceptance  of  2.47T  mm-mrad  is  achieved  by  selecting 
the  bore  radius  of  quadrupole  triplets  as  20  mm. 
The  quadrupole  triplet,  9,  14  and  9  cm  in  pole  length, 
requires  high  field  gradient  such  as  55  T/m  at 
maximum.  The  axial  length  of  the  four  cavities  is 
shorter  than  or  near  the  diameter  needed  for  a 
resonant  frequency  of  51  MHz.  To  estimate  the  rf 
characteristics,  an  equivalent  circuit  analysis  was 
performed.  The  analysis  predicts  that  diameters  of 
the  four  51-MHz  cavities  are  kept  in  the  same  size 
by  adjusting  the  radius  of  the  drift  tubes  of  each 
cavity  in  the  range  of  2~4  cm,  and  by  adjusting 
the  sizes  of  magnetic  flux  inducers. 

IV.  CHARGE  STRIPPER  SECTION 

By  considering  budgetary  and  space 
limitations,  we  designed  a  compact  stripper  section, 
3  m  in  total  length,  as  shown  in  Figure  3  [4], 


Figure  3.  Layout  of  the  stripper  section. 


In  the  design  of  the  stripper  section,  a  12C+  ion  beam 
is  used,  because  12Cf  ion  has  larger  energy -deposit 
and  energy-straggling  per  nucleon  in  the  stripper 
than  other  ions.  The  energy  loss  is  about  6  keV/u 
and  the  energy  straggling  is  about  ±1  keV/u  when 
the  beam  with  an  energy  of  170  keV/u  passes 
through  a  carbon  foil,  10  fig/cm2  in  thickness. 

Since  the  transverse  emittance- growth  in  the 
stripper  is  proportional  to  the  beam  size,  the  stripper 
is  placed  just  behind  the  SCRFQ,  where  the  beam 
size  is  relatively  small.  The  emittance -growth  rate 
of  the  beam  is  about  1.6  in  the  horizontal  plane 
and  about  1 2  in  the  vertical  one.  The  longitudinal 
matching  of  the  beam  is  done  by  means  of  a 
rebuncher  cavity.  It  is  convenient  for  matching  that 
the  position  of  the  rebuncher  is  near  to  the  SCRFQ, 
because  the  debunching  due  to  the  drift  space 
becomes  small.  The  distance  between  the  SCRFQ 
and  the  rebuncher  is  uniquely  determined  as  a 
function  of  the  distance  between  the  rebuncher  and 
the  IH  linac,  when  the  longitudinal  matching  is 
satisfied.  As  a  result,  the  distance  between  the 
SCRFQ  and  the  rebuncher  is  determined  to  be  2  m, 
since  the  space  longer  than  0.9  m  is  necessary  to 
set  a  doublet  between  the  rebuncher  and  the 
IH  linac. 

V.  STATUS  AND  PERSPECTIVE 

Two  unit  cavities  and  a  350  kW  power 
amplifier  for  the  170  keV/u  SCRFQ  were  constructed 
in  fiscal  year  1992.  Construction  of  a  unit  cavity, 
conversion  of  the  prototype  and  whole  assembling 
will  be  performed  this  year.  By  using  a  half  scale 
model  cavity,  the  rf  characteristics  of  the  III  linac 
are  being  investigated.  On  the  basis  of  the  model 
studies,  the  cavities  and  the  rf  power  amplifiers  will 
be  constructed  this  year.  The  design  of  the  charge 
stripper  section  was  almost  completed.  As  the 
rebuncher,  a  spiral  loaded  cavity  working  at 
25.5- MHz  is  Lang  developed. 
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Abstract 

In  the  prototype  facility  of  the  Exotic-arena  at  INS, 
unstable  nuclei  with  a  charge-to-mass  ratio  greater  than  1/10  is 
accelerated  from  170  to  1046  keV/u  by  an  intergidital-H  linac. 
Designed  IH  linac  consists  of  four  acceleration  tanks  and  three 
sets  of  quadrupole  triplets  placed  between  tanks.  Output  energy 
is  continuously  variable  by  changing  rf  power  and  phase  of  the 
last  operating  tank.  A  high  shunt  impedance  is  expected  from 
an  equivalent  circuit  analysis.  The  rf  measurement  on  the  low 
power  models  is  now  in  progress.  Preliminary  results  of  the 
tank-4  model  shows  that  a  resonant  frequency  and  a  shunt 
impedance  roughly  agree  with  the  design  values. 

I.  INTRODUCTION 

The  construction  of  the  prototype  facility  of  the  Exotic- 
arena  proposed  in  the  Japanese  Hadron  PiojectfJHP)  started  at 
INS  in  1992[l-3].  In  this  facility,  unstable  nuclei  accelerated 
up  to  170  keV/u  by  a  split  coaxial  RFQ  is  charge-exchanged 
by  a  stripper  up  to  a  charge-to-mass  ratio  (qIA)  greater  than 
1/10,  and  further  accelerated  by  an  interdigital-H  linac[4,5]. 
Design  of  the  interdigital-H  (IH)  type  linac  has  been  performed 
in  1992.  Designed  IH  linac  has  the  following  characteristics. 

(1)  It  accelerates  the  heavy  ions  from  low  energy  (170  keV/u). 

(2)  Synchronous  phase  is  selected  as  -25  deg  to  assure  the 
stable  longitudinal  motion  in  spite  of  the  strong  transverse  rf 
defocusing  force  in  the  accelerating  gaps.  (3)  To  obtain  high 
acceleration  efficiency,  a  k-k  mode  is  adopted  as  a  periodic 
structure,  and  no  transverse  focusing  element  is  installed  in  the 
drift  tubes.  (4)  The  IH  linac  is  divided  into  four  tanks. 
Transverse  focusing  elements  are  placed  between  tanks.  (5) 
The  output  energy  is  continuously  variable  from  170  to  1046 
keV/u  by  tuning  the  rf  power  and  phase. 

The  view  of  the  designed  IH  linac  is  shown  in  Figure  1. 


The  parameters  of  the  designed  IH  linac  are  listed  in  Table  1. 

n.  BEAM  DYNAMICS 

The  resonant  frequency  of  the  IH  linac  is  chosen  to  be 
twice  as  high  as  that  of  the  SCRFQ.  To  keep  the  phase  spread 
small,  the  length  of  drift  spaces  where  Q-magnets  are  placed 
should  be  as  short  as  possible.  The  length  of  the  drift  spaces  is 
taken  to  be  47.5  cm.  In  this  case,  longitudinal  acceptance  of 
200k  keV/u-deg  is  obtained,  which  is  nearly  three  times  as 
large  as  the  predicted  beam  emittance  from  the  SCRFQ.  The 
transverse  emittance  of  the  unstable  nuclei  is  small,  estimated 
to  be  less  than  O.lx  mm*mrad[6].  But  an  acceptance  larger 
than  this  value  is  required  because  of  an  emittance  growth  at 
the  charge  stripper.  The  acceptance  of  2.4k  mm*mrad 
(transmission  97%)  is  achieved  by  setting  the  bore  radius  of 
quadrupole  magnets  at  20  mm  ( the  emittance  of  the  SCRFQ 
is  estimated  to  be  0.6k  mm*mrad).  Figure  2  shows  the 
calculated  longitudinal  and  transverse  beam  traces.  In  this 
calculation,  longitudinal  and  transverse  emittance  at  the 
entrance  of  the  tank-1  are  taken  to  be  200k  keV/u*deg  and 
1.7k  mm*mrad,  respectively. 

The  output  energy  of  the  IH  linac  can  be  continuously 
varied  by  tuning  the  rf  power  and  phase  in  the  last  tank  of 
operating  ones.  The  variation  of  output  energies  results  from 
separating  the  IH  linac  into  several  tanks.  Figure  3  shows  the 
output  energy  and  its  spread  as  a  function  of  the  gap  voltage. 
Longitudinal  emittance  at  the  entrance  of  the  tank-1  is  taken  to 
be  200k  keV/u*deg.  For  example,  if  a  certain  energy  in  the 
range  from  471  to  721  keV/u  is  needed,  the  gap  voltage  of 
tank-3  is  varied  without  operating  tank-4.  The  energy  spread 
( ±ATIT)  is  ±2-6%  except  at  the  exit  of  tank-1.  Its  spread, 
however,  can  be  made  smaller  by  adjusting  the  rf  phase  as  well 
as  the  gap  voltage. 
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Fig.l  View  of  the  desined  IH  linac. 
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Table  1  Parameters  of  designed  IH  linac. 


resonant  frequency  (MHz) 
charge-to-mass  ratio 
energy  (kaV/u) 
velocity  P(%) 
synchronous  phase  (deg) 
tank  diameter  (m) 
tank  length  (m) 
cell  number 

acceleration  gradient  (MV/m) 
effective  shunt  impedance  (Mfi/m) 
maximum  peak  power  (kW) 


tank-1 

tank-2 

tank-3 

tank-4 

51 

51 

51 

51 

*1/10 

*1/10 

*1/10 

*1/10 

170  ~  292 

292  ~  471 

471  ~  721 

721  ~  1046 

1.91  ~2.50 

2.50  ~  3.18 

3.18  ~  3.93 

3.93  ~  4.74 

25 

-25 

-25 

-25 

1.34 

1.34 

1.34 

1.34 

0.59 

0.84 

1.15 

1.53 

9 

10 

11 

12 

2.73 

2.73 

2.72 

2.65 

751 

510 

345 

244 

5.1 

11 

22 

40 

ffl.  QUADRUPOLE  MAGNETS 

To  obtain  large  transverse  acceptance,  the  bore  radius  of 
quadrupole  magnets  was  chosen  to  be  20  mm.  High  field 
gradient  (  S.S  lcG/cm  at  maximum)  is  required  to  focus  the 
beam.  Further,  compact  sizes  are  required  to  be  placed  in  the 
47.5  cm  long  drift  space.  Design  of  the  quadrupole  magnets 


Axled  Distance(m) 

Fig.2  Calculated  beam  profile. 


was  perfumed  by  the  computer  code  TRIM.  The  parameters  of 
the  quadrupole  magnets  are  shown  in  Table  2.  To  obtain  high 
field  gradient,  pure  iron  with  a  low  amount  of  carbon  will  be 
used  as  the  material  of  poles  and  yokes.  From  the  calculation, 
10000  A*T  is  necessary  to  attain  the  field  gradient  of  5.5 
kG/cm.  To  save  the  cost  of  the  power  supplies,  the  size  of 
hollow  conductors  used  as  the  coils  of  magnets  was  chosen  to 
keep  the  maximum  current  in  300A.  As  a  result,  the  coil  has 
two  lines  for  water  cooling  per  pole.  One  set  of  the 
quadrupole  triplets  is  now  under  construction.  Effects  of  the 
adjacent  quadrupole  magnets  and  the  saturation  of  die  magnetic 
field  in  the  pole  will  be  investigated  by  field  measurements. 

IV.  RF  CAVITY 

A.  Cavity  Design 

Axial  length  of  the  four  cavities  is  shorter  than  or  near 
the  diameter  needed  for  resonant  frequency  of  51  MHz.  To 
estimate  the  resonant  characteristics,  an  equivalent  circuit 
analysis  was  performed.  In  this  analysis,  the  capacitance  in 
each  cell  was  partially  calculated  by  the  computer  code 
SUPERFISH.  The  inductance  of  each  cell  was  approximately 
obtained  by  assuming  uniformity  of  the  magnetic  flux [7],  The 
equivalent  circuit  composed  of  these  cells  is  terminated  by  a 
circuit  composed  of  the  capacitance  and  inductance  of  end 


Normalized  Gap  Voltage 


Fig.3  Output  energy  and  its  spread  as  a  function  of 
normalized  gap  voltage. 
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Table  2  Design  parameters  of  quadrupole  triplet. 


OS  1 

QL 

QS2 

bore  radius  (cm) 

2 

2 

2 

pole  length  (cm) 

9 

14 

9 

max.  B'  (kG/cm) 

5.5 

5.5 

5.5 

max.  current  (A) 

300 

300 

300 

max.  power  (kW) 

9.3 

11.2 

9.3 

end  drift  tube 


Fig.5  Measured  field  distribution  of  the  tank-4  model. 


end  plate  of  the  end  drift  tubes  is  slightly  bent  by  vacuum 
pumping  of  the  tanks.  The  effect  of  this  bend  on  the  rf 
characteristics  of  the  cavity  will  be  investigated. 

V.  SCHEDULE 

The  tests  on  the  model  cavities  will  be  completed  in 
summer  1993.  Two  of  four  acceleration  tanks  and  all  of  four 
rf  amplifiers  for  the  practical  use  will  be  constructed  in  the 
fiscal  year  1993.  The  remaining  two  tanks  will  be  constructed 
together  with  two  sets  of  the  quadrupole  triplets  in  the  fiscal 
year  1994.  First  beam  test  is  planned  in  the  fiscal  year  1995. 


spaces.  In  our  case,  the  end  capacitance  as  well  as  the  end 
inductance  depends  on  the  size  of  the  magnetic  flux  inducers. 
Theses  sizes  were  chosen  to  resonate  the  closed  equivalent 
circuit  at  51  MHz.  The  analysis  predicts  that  the  diameters  of 
four  51  MHz-tanks  are  kept  in  the  same  size  (134  cm)  by 
adjusting  the  radius  of  the  drift  tubes  of  each  tank  in  the  range 
of  2~4  cm,  and  by  adjusting  sizes  of  the  magnetic  flux 
inducers.  Predicted  effective  shunt-impedances  are  shown  in 
Table  1  together  with  maximum  peak  powers.  In  this  table, 
the  reduction  factor  of  0.6  is  included  in  the  shunt  impedances 
and  the  consumption  powers.  This  factor  is  due  to  the  surface 
roughness  of  conductor  and  the  contact  resistance. 

B.  Low  Power  Models 

On  the  basis  of  the  analysis  described  in  (a),  1/2  scaled 
tow  power  models  for  the  tank-1  and  tank-4  were  constructed. 
Schematic  drawing  of  the  tank-4  model  is  shown  in  Fig.4. 

The  rf  measurements  are  now  in  progress.  In  a  preliminary 
result,  the  resonant  frequency  of  106  MHz  ( the  design  value  is 
102  MHz)  was  obtained  for  the  tank -4  model.  Figure  5  shows 
the  field  distribution  of  the  tank -4  model  measured  by  the  bead 
perturbation  method.  Shunt  impedance  of  the  tank-4  estimated 
from  this  field  measurement  is  about  230  MQ/m  for  the 
practical  use  machine,  which  roughly  agrees  with  that  by  the 
equivalent  circuit  analysis.  The  field  distribution  and  the 
resonant  frequency  will  be  optimized  by  increasing  the  area  of 
the  magnetic  flux  inducer. 

In  these  models,  the  end  drift  tubes  were  designed  to  be 
movable  to  the  axial  direction.  In  practical  use  machine,  the 
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Abstract 

The  SPIRaL  project  makes  use  of  the  very  high  intensity 
ion  beams  soon  available  at  GANIL  (over  10 13  pps  at  05 
MeV/u  from  He  to  Ar)  to  produce  radioactive  nuclei  by  the 
ISOL  method.  The  facility  will  consist  of  a  production  target 
situated  close  to  an  ECRIS  specially  designed  for  this  purpose, 
a  very  low  energy  beam  line,  a  k=265  compact  cyclotron  as 
postaccelerator  (2  to  20  MeV/u  according  to  die  Q/A  factor),  a 
medium  energy  beam  line  transferring  the  radioactive  beams 
into  the  existing  experimental  rooms  through  the  a 
spectrometer  .  The  whole  facility  will  be  installed  at  the  end  of 
the  existing  machine. 

I.  INTRODUCTION 

From  the  first  experiments  at  GANIL,  fragmentation 
reactions  have  been  used  to  produce  and  study  exotic  nuclei. 
Such  a  research  made  use  of  the  large  intensities  obtained 
through  the  whole  accelerator  system.  It  was  realized  that  these 
beams  could  also  be  used  to  produce  nuclei  at  rest  in  thick 
targets  and  to  adapt  the  ISOL  method  to  primary  heavy  ion 
beams. 

This  program  is  now  under  consideration  with  the  project 
of  it  RIB  facility  here  presented  and  a  strong  effort  of  R&D 
concerning  the  production  and  the  ionization  of  secondary 
elements  has  been  set  up  [1], 

Such  a  program  can  only  be  conducted  if  the  GANIL 
accelerator  is  able  to  deliver  very  intense  beams.  The  first  part 
of  this  operation  is  almost  completed  [2]  and  over  10 13  pps  of 
light  ions  (He  to  Ar)  are  already  available  at  the  exit  of  the 
injector  cyclotron.  The  second  part,  which  consists  in 
injecting,  accelerating  and  transferring  such  beams  up  to  the 
high  energy  beam  line,  has  partially  been  funded  this  year.  So 
more  than  10* ?  pps  (-5  kW  of  beam  power)  at  full  energy 
(95  MeV/u)  will  routinely  be  obtained  by  the  end  of  1995. 

After  various  versions  [4]  our  final  project  for  a  RIB 
facility  called  SPIRaL  (Separateur  et  Postaccelerateur  d'lons 
Radioactifs  produits  en  Ligne)  is  described  below. 

II.  TARGET  AND  ECRIS  SYSTEM 

Having  decided  to  look  at  a  RIB  facility  based  on  a  heavy 
ion  primary  beam  and  a  high  charge  state  ion  source,  we  soon 
began  an  important  R&D  program  to  investigate  the 
possibilities  of  this  solution  and  to  get  some  experience  on 
the  target  and  associated  ECR  devices. 

A  first  rather  crude  test  bench  [1]  was  built  and  gave  the 
first  results  in  92.  Using  a  95  MeV/u,  2()Ne  beam  and  a  MgO 
target,  radioactive  isotopes  in  charge  states  1  to  4  have  been 
produced  (^  19,  23.  24jsje  ■  ^N. ..).  The  yields  for  the 


various  isotopes  were,  at  die  target  level,  in  the  range  of  109 
to  107pps  per  ppAp  of  primtiry  Ne  beam. 

These  encouraging  results  leed  us  to  conceive  a  new 
efficient  test  bench  now  under  construction  [1]  with  the  goal 
to  run  it  by  the  end  of  this  year. 

It  will  really  be  die  prototype  of  the  target-ECRIS  system 
of  our  project  allowing  us  to  study  all  the  technical  problems 
involved  :  target  behaviour  under  high  power,  permanent 
magnet  ECR  in  a  high  radiation  field,  coupling  of  the  target  to 
the  ECR,  remote  handling  problems  and  so  on. 

III.  THE  POST- ACCELERATOR 

Our  choice  of  a  compact  cyclotron  is  based  on  the 
following  main  reasons  : 

-  First  of  all.  using  a  high  charge  state  ion  source  allows 
us  to  consider  a  cyclotron, 

-  Second,  the  energy  range  to  be  covered  (=  2  to 
20  MeV/u)  and  the  charge  over  mass  ratio  as  given  by  the 
ECRIS  (=0.1  to  0.35)  are  typical  of  a  compact  cyclotron 
whose  beam  characteristics  satisfy  rather  well  the  requirements 
of  the  physicists.  Moreover,  a  cyclotron  is  by  itself  a  powerful 
mass  analyser  and  will  deliver  rather  pure  beams,  a  prime 
quality  in  RIB  physics. 

-  Third.  GANIL  has  a  gixxl  knowledge  about  cyclotrons 
and  a  huge  experience  in  dieir  design  and  operation  so  that  no 
more  than  4  years  alter  funding  will  be  needed  to  deliver  a  first 
beam.  Moreover,  this  new  facility  will  fit  in  the  loose  end  of 
the  existing  building  still  lowering  the  cost  of  an  already 
rather  cheap  solution. 

A.  The  working  churl 

The  goal  being  to  provide  the  A  =100  ions  produced  by 
the  ECRIS  with  Q/A  =  0.15  at  an  energy  =  6  MeV/u,  we  thus 
obtain  : 

(B.r)ejec  =  2.344  T  in  (K  =  265) 

The  magnetic  rigidity  of  the  present  high  energy  beam 
lines  being  2.XX  T.m,  the  cyclotron  beams  will  be  accepted 
without  any  problem  in  our  experimental  areas. 

Choosing  a  mean  ejection  radius  of  1.5  in  results  in  a 
conservative  Bmax  =  1.56  T  and  in  the  working  charts 
displayed  on  the  figures  1  and  2.  The  limits  seen  on  these 
figures  are  related  to  the  values  chosen  for  the  max  and  min 
mean  field  (0.75  -  1 .56  T),  the  max  voltage  on  the  2  dees 
(=  100  kV),  the  lowest  ion  source  extraction  potential 
(=  10  kV)  and  the  revolution  frequency  range  (=  1.92 
to  7.25  MHz). 
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.  The  RF  system  covers  the  frev  range  using  the 
harmonics  2-3-4  and  5  with  9.6  £  f,f  (MHz)  £  14.5.  Such  an 
RF  frequency  range  leads  to  a  rather  compact  resonator  : 
external  diameter  =  1.2m,  length  =  1.3m,  internal  coaxial  line 
diameter  s  0.25m  and  displacement  of  the  short  circuit  = 
0.70m.  The  power  dissipated  at  100  kV  turns  out  to  be  as  low 
as  s  40  kW.  Using  two  40°  dees  and  choosing  to  accelerate  all 
the  ions  whatever  their  output  energy  with  a  constant  turn 
pattern,  the  number  of  turns  will  be  =  250  and  the  turn 
separation  at  ejection  =  3mm. 

.  The  magnet  will  be  built  using  4  independant  yokes  and 
common  circular  poles  (3.5  in  diameter)  equiped  with  4 
straight  45°  sectors.  Hill  and  valley  gaps  are  respectively  12 
and  30  cm  allowing  an  easy  fitting  of  the  2  dees  and  giving  a 
good  flutter. 

Using  TOSCA  code,  we  have  refined  the  magnet 
geometry  so  that  the  maximum  correction  required  is  as  low  as 
=  ±  200  gauss,  the  gradients  being  £  5G/cm.  Circular  trim 


coils  (=10)  located  on  the  poles  and  giving  7.5. 10'2  G/AT  and 
2.5. 10*3  G/cm/AT,  will  be  used  to  shape  the  field  within  the 
required  tolerances.  The  inner  region  (r  <  20cm)  where  the 
sectors  join  the  central  plug  is  still  to  be  refined. 

.  The  central  geometry  (axial  injection  and  Mueller  type 
inflector)  is  under  study  with  the  goal  to  work  out  a  fixed 
injection  pattern  suited  for  the  4  harmonics  we  will  use.  Our 
first  studies  concerning  the  beam  centering  and  its  6D 
matching  lead  to  fine  results  for  h  =  2  -  3  (above  the  heavy  ion 
Coulomb  barrier)  and  h  =  4.  In  the  case  of  h  =  5  (<  3  MeV/u) 
the  same  geometry  can  still  be  used  but  the  acceptance  and  so 
for,  the  intensities  will  be  reduced. 

.  The  extraction  system  is  quite  conventional  including 
one  electrostatic  deflector  located  in  a  valley  (<  60  kV/cm) 
followed  by  two  magnetic  channels  (gradient  compensation). 
A  field  bump  will  be  used  to  increase  the  turn  separation. 

C.  The  beam  characteristics 

Using  either  the  muitiparticule  code  NAJO  or  the  newly 
written  one  LIONS  [3]  we  have  simulated  the  beam  behaviour 
in  this  cyclotron. 

.  Beam  transmission  :  using  similar  central  region  and 
injection  line  (6D  matching)  as  for  our  present  GANIL 
injector  [2],  we  can  expect  similar  transmissions  e.g  >  40% 
from  the  ion  source  analyzed  beam  to  the  cycloton  extracted 
one  (we  have  obtained  a  75%  record  transmission  in  our 
injector). 

.  Beam  emittance  :  injecting  a  matched  beam, 
SOrcmm.inrad  in  each  transverse  plane  and  ±  6°  in  phase  width, 
leads  in  from  of  the  extraction  system  to  a  monochromatic 
transverse  emittance  =  8.5  7t.mm.mrad  and  to  an  energy 
dispersion  of  ±  3.5%o.  In  these  conditions,  the  extracted  beam 
will  contain  parts  of  the  3  last  accelerated  turns  and  so  the 
characteristics  of  the  extracted  beam  will  be  lowered.  However, 
it  seems  possible,  at  least  for  h  =  2  -  3  to  bunch  the  injected 
beam  in  a  ±  3  -  4°  phase  width,  in  this  case  due  to  the  low 
energy  spread  (<  ±  1%»)  a  single  turn  extraction  is  possible 
and  the  extracted  beam  qualities  are  much  improved  (AWAV  < 
1%0,  emittances  <  10  7i.mm.mrad). 

.  Mass  analysis  :  besides  the  usual  analyser  following  the 
ECRIS  which  eliminates  most  of  the  contaminents,  (see  IV), 
the  cyclotron  will  select  Q/A  within  3.5  to  1.5  10'4  depending 
upon  the  harmonic.  These  values  should  be  sufficient  for  most 
of  the  experiments  ;  if  not,  we  will  put  a  thin  target  at  the 
object  point  of  the  a  spectrometer,  which  will  select  the  right 
component  within  some  lO'-''  taking  advantage  of  the 
difference  in  the  energy  losses  of  the  various  ions  (isohars) 
through  the  foil.  The  resulting  beam  will  of  course  suffer  of 
the  target  crossing  (mean  energy,  emittances  and  energy 
dispersion),  nevertheless  good  characteristics  could  be  restored, 
the  price  being  to  be  paid  on  the  intensity.  This  method  will 
be  limited  to  ions  of  A  <  80  at  W  >  6  MeV/u. 
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IV.  THE  BEAM  LINES 

The  layout  of  the  RIB  SPIRaL  facility  is  shown  on  the 
figure  3.  As  we  see,  we  need  to  study  and  to  build  three  beam 
lines. 

.  The  primary  beam  line  from  the  SSC2  output  to  the 
target  will  be  the  prolongation  of  L3.  From  the  object  point 
of  the  a  spectrometer,  the  primary  beam  (Bp  <  2.88T.m)  goes 
straight  through  the  first  a  dipole  and  is  bent  down  to  the 
heavily  shielded  production  target  cave  (-3m)  using  an 
antisymetrical  achromatic  deviation  and  a  two  quadrupole 
doublet  system  devoted  to  the  transverse  matching  of  the  beam 
on  the  target.  The  beam  spot  is  adjustable  from  ±  2.5  to  ± 
13mm  for  transverse  emittances  ranging  from  2.5  to 
6  7t.mm.mrad.  This  primary  beam  line  =  13m  in  length  could 
be  extended  to  a  second  target  cave  using  the  same  optics. 

.  The  low  energy  beam  line  (Bp  <  0.05  T.m)  from  the 
ECRIS  extraction  to  the  cyclotron  inflector  is  =  19  in  in 
length.  It  can  be  divided  into  two  main  parts  : 

-  The  first  part  includes  an  achromatic  magnetic  mass 
spectrometer  system  followed  by  a  matching  section  to  the 
second  part.  The  optics  [1]  will  insure  a  m/5m  resolution  of 
250  for  a  80  7t.mm.mrad  radial  emittance.  Such  a  resolution 
is  quite  enough  as  far  as  the  cyclotron  injection  is  concerned, 
anyway  it  would  be  almost  impossible  to  exceed  the  cyclotron 
resolution  at  this  level  in  order  to  fulfil  the  physics 
requirements.  The  second  dipole  will  accommodate  the  beam 
from  the  second  ECRIS  if  any,  it  can  also  be  crossed  without 
any  deviation  to  feed  a  very  low  energy  beam  area  under 
discussion  (atomic  and  astro  physics). 

-  The  second  part  similar  to  the  one  used  on  our  present 
injector  is  devoted  to  the  6D  matching  on  the  first  accelerated 
orbit  of  a  80  7t.mm.mrad,  ±  6°  in  phase  beam  as  accepted  by 
the  cyclotron. 


.  The  high  energy  beam  line  (Bp  <  2.344  T.m)  extends 
from  the  cyclotron  exit  to  experimental  caves  through  the 
analyzing  section  of  the  a-spectrometer  (to  do  so  the  first  2 
dipoles  of  the  a-spectrometer  can  be  rotated  by  45°).  The 
acceptance  of  this  line  will  amount  at  least  to  10  7t.mm.mrad 
and  ±  3%<.  in  energy  dispersion.  We  will  have  to  build  =  21  m 
of  new  line  divided  into  a  first  part  allowing  a  betatronic 
isochronisation  of  the  cyclotron  beam  and  a  second  one  to  be 
used  for  the  transversal  matching  of  the  beam  at  the  a  - 
spectrometer  object  point. 

V.  CONCLUSION 

The  proposal  will  greatly  enlarge  the  possibilities  opened 
at  CiANlL  in  the  field  of  radioactive  ion  beam  physics  at  low 
and  medium  energy.  Moreover,  this  new  facility  can  be  built 
without  disturbing  the  classical  use  of  GANIL. 

Due  to  its  rather  low  cost  (<  100  MF),  to  the  short  delay 
involved  (<  4  years)  and  to  the  available  experimental  facilities 
we  can  really  expect  that  this  project  will  be  funded  and  so  be 
confident  in  the  future  of  our  laboratory. 
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Abstract 

A  first  version  of  isotopic  separator  on  line  test  bench 
has  been  built  in  order  to  test  the  feasibility  of  the  production 
of  radioactive  species  from  96  MeV/u  of  ^Ne  impinging  a 
thick  target  of  MgO.This  test  bench  was  equipped  with  a 
very  compact  ECR  ion  source  (Nanogan)  entirely  made  from 
permanent  magnets  and  operating  at  10  Ghz. 

We  succeeded  in  producing  and  ionizing  18jqe2.4+. 
1<JNe  1  >2,3,4+  ant|  23,24jqel+ 

We  then  decided  to  build  a  new  more  performing 
separator  (SIRa)  allowing  the  use  of  different  types  of  ion 
sources.  It  will  be  completed  by  the  end  of  1993. 

I.  INTRODUCTION 

From  the  first  experiments  at  GANIL,  fragmentation 
reactions  have  been  used  to  produce  and  study  exotic  nuclei. 
Such  a  research  made  use  of  the  large  intensities  obtained 
through  the  whole  accelerator  system.  It  was  realized  that 
these  beams  could  also  be  used  to  produce  nuclei  at  rest  in 
thick  targets  and  to  adapt  die  ISOL  method  to  primary  heavy 
ion  beams. 

This  program  is  now  under  consideration  with  the 
project  of  a  RIB  facility  (SPIRaL  project  [1]). 

An  important  R&D  program  has  been  implemented 
from  mid  1991  to  investigate  the  use  of  high  energy  ion 
beams  provided  by  the  GANIL  facility  to  produce  radioactive 
atoms  by  the  ISOL  method. 

We  present  the  first  version  of  isotopic  separator  and 
the  results  we  got  with  it  in  1992.  We  are  now  building  a 
new  isotopic  separator  called  SIRa  (S.6parateur  d'lons 
Eadioactifs)  which  is  therafter  described. 

II.  THE  FIRST  ON-LINE  SEPARATOR 

The  challenge  is  to  continuously  separate  the  producted 
nuclei  from  a  huge  amount  of  target  nuclei  and  uansfer  them 
into  the  gas  phase  to  the  plasma  of  a  ECR  ion  source.  Such 
a  transfer  process  is  only  governed  by  element  specific 
diffusion,  desorption  ans  chemical  processes. 

A  -  The  target  box 

The  target  box,  the  same  as  the  one  constructed  by  the 
ISOCELE  group  at  Orsay  [2],  has  been  connected  to  a  new 
compact  ECR  ion  source  specially  designed  for  that 
purpose[3].  Fig.l  shows  a  schematic  cut  of  the  target 
chamber  and  and  its  coupling  to  the  source.  The  target  is 
mounted  on  the  rear  flange  of  the  target  box  and  placed  in  a 
nickel  container. 


ESJ  Inox  Copper  |i  |  I  Ocm 

Figure  1.  Cut  of  the  target -ECRIS  system. 

The  container  is  a  7.5  cm  long  cylinder  heated  by 
ohmic  power  up  to  1200°C  maximum.  It  is  put  at  the  source 
potential  (15  to  20  kV).  The  transfer  tube  (25  cm  long,  5mm 
inner  diameter),  also  made  of  Ni,  is  welded  on  the  container 
and  inserted  into  the  inner  copper  tube  of  the  source. 

B  -  The  Nanogan  source 

The  ionizer  is  a  very  compact  ECR  ion  source  (called 
Nanogan),  entirely  made  of  Fe.Nd.B  permanent  magnets  for 
both  radial  and  axial  magnetic  confinement.  Its  dimensions 
are  17  cm  long  and  13  cm  diameter.  This  ECR  ion  source 
needs  a  rather  small  amount  of  microwave  power: <  100W  at 
10  GHz. 

C  -  The  separator 

Due  to  the  short  requested  duration  of  realization  and  the 
limited  budget  alloted,  the  separator  has  simply  been  made 
up  of  available  components  :  a  102°  bending  magnet 
(acceptance  figure  150  Jt.mm.mrad),  allowing  a  maximum 
mass  resolution  of  10"^,  a  diagnostic  box  (with  horizontal 
slits  and  beam  profile  monitor)  followed  by  two  electrostatic 
quadrupole  doublets. 

D  -  The  detection  system 

The  collection  chamber  at  the  end  of  the  separator  beam 
line  is  equipped  with  a  Faraday  cup  and  the  tape  transport 
system  coming  from  ISOCELE  experiment  [2].  It  is  operated 
in  primary  vacuum,  except  for  the  collection  point  placed  in 
secondary  vacuum. 

The  collected  ions  are  periodically  moved  to  one  of  the 
two  different  detector  locations.  In  the  first  one,  two  Nal 
detectors  detect  in  coincidence  the  two  gammas  produced  by 
the  B+  annihilation.  At  the  second  one,  there  are  a  plastic 
scintillator  and  a  Ge  detector. 
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Ill  -  RESULTS  AND  DISCUSSION 

Table  1  gives  the  measured  parameters  of  different 
isotopes  detected. 

As  predicted  "light"  Neon  (^Ne,  ^Ne)  coming  from 
projectile  fragmentation  process  together  with  "heavy"  Neon 
(23Ne,  24p4e)  coming  from  target  fragmentation  have  been 
observed.  Charge  states  higher  than  1+  have  been  obtained 
(Ne  Ne  4+)  which  corresponds  to  suitable  Q/A  values  for 
postacceleration  in  the  cyclotron  of  the  SPIRaL  project. 

The  last  column  but  one  of  table  1  gives  the  production 
yield  corrected  from  transmission  and  ionization  efficiencies 
in  order  to  compare  real  and  calculated  values. 

This  table  shows  also  die  rather  poor  transmission 
factor  of  diis  separator  since  the  overall  efficiency  was  only 
around  3,5  %.  Nevertheless,  tests  made  off-line  with 
Nanogan  operated  with  stable  ions  and  calibrated  leak  have 
shown  that  a  total  ionization  efficiency  of  40  %  was  obtained 
in  real  experimental  conditions. 


Separator 

ECR  I. 

S. 

Target  j 

Yield 

Trans. 

Yield 

Ion. 

Yield 

Yield 

meas. 

eff. 

extract. 

eff. 

prod. 

Calc. 

pps/ppA 

% 

pps/ppA 

% 

pps/ppA 

pps/p|i  A 

19NeI  + 
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3.5 
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25 
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19Ne2  + 

8.9  106 
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2.5  10s 

7.5 

3.3  109 

l9Ne3+ 

1.6  106 

3.5 

4.6  107 

4 

1.2  109 

11.7  109 

40 

4.3  109 

1.3  10‘° 

l8Ne2+ 

19  10A 

3.5 

5.4  107 

7.5 

7.2  10* 

'*Ne4+ 

1.9  10* 

3.5 

5.4  106 

3.5 

1.5  10* 

*12.7  10* 

40 

6.8  10* 

2.7  10^ 

23Nel  + 

6.3  lO4 

3.5 

1.8  107 

25 

7.2  107 

5.0  10* 

23Ne^ + 

1.5  10^ 

3.5 

4.3  10^ 

25 

1.7  107 

1.0  10* 

13N1  + 

3.8  105 

3.5 

1.1  107 

K?) 

1.1  109 

1.5  109 

Table  1.  Experimental  results  for  on  line  isotope  production 
widi  20nc  primary  beam  at  95  MeV/u  on  a  MgO  thick  target. 
(*  )Assum.  lNe*+=4  x  lNe^+  and  lNe^+=2xlNe',+  *<JNe. 

The  first  version  of  separator  has  been  useful  for 
bringing  out  unacceptable  drawbacks : 

-  the  optics  of  the  primary  beam  was  not  well  under 
control  (non  achromatic  focusing  point), 

-  the  detection  system,  located  inside  the  experimen¬ 
tal  room,  was  not  enough  shielded  from  background  noise  and 
slow  neutrons.  As  a  consequence,  the  primary  beam  had  to  be 
pulsed  which  resulted  in  strong  pressure  variations  in  the 
source, 

-  the  overall  separator  performance  (resolution  and 
transmission  efficiency)  was  rather  poor  and  not  enough  well 
controlled. 

IV.  THE  NEW  SEPARATOR 

From  1992,  September,  a  new  separator  called  SIRa 
(i^parateur  d'lons  Radioactifs)  is  under  construction,  according 
to  the  following  specifications  : 


-  the  target  will  be  put  at  the  normal  focusing  point 
in  the  experimental  room  (achromatic  point) : 

-  the  secondary  be;un  line  will  be  more  sophisticated 
in  order  to  have  the  possibility  of  creating  an  object  point 
upstream  the  90°  dipole  magnet,  whatever  the  type  of  source 
in  operation  ; 

-  the  collection  point  as  well  as  the  detectors  will  be 
installed  outside  of  the  nxim  and  concrete  blocks  added  so  as  to 
strongly  damp  the  background  noise. 

A  -  Target  box 

A  new  target  box  is  under  design  An  internal  mecanism 
will  automatically  withdraw  the  transfer  tube  from  the  ECR 
source  so  as  to  shut  3  insulating  vacuum  valves 
(contamination  problem).  So  the  used  target  will  be  kept  under 
vacuum  in  a  confined  volume,  easy  to  be  handled. 

B  -  The  source 

A  new  source,  called  Supemanogan,  is  under  study..  Its 
commissioning  is  expected  in  mid  1994.  That  is  why  the  first 
ECR  source  of  SIRa  will  be  a  classical  one  (Caprice  type  10 
GHz),  already  available  at  GANIL. 

V.  BEAM  OPTICS  OF  SIRa 
A.  Primary  beam 

The  beam  radius  on  the  target  (T  on  figure  2)  can  be 
varied  from  4  to  15  mm  (for  emittances  ranging  from  2.5  to 
6jr.mm.mrad)  by  means  of  a  magnetic  quadruplet.  2  steerers,  2 
beam  profile  monitors  ( 1  behind  the  quadruplet,  1  in  front  of 
the  target)  and  a  Faraday  cup  allow  to  adjust  the  beam  on  the 
target. 


B.  Isotopic  separator 

The  on-line  isotopic  separator  follows  the  ECRIS  ;  it  can 
be  divided  into  two  parts: 

.  A  matching  section  composed  of  a  solenoid  and  a 
magnetic  triplet  to  focus  the  beam  at  the  object  point  0  of  the 
analyzing  magnet.  For  an  emittance  of  l.SOjrmm.mrad 
(corresponding  to  the  acceptance)  and  beam  dimensions  of  ± 
3  mm  at  the  source  puller  the  radial  size  at  0  can  be  adjusted 
between  ±  1.5  and  ±  10  mm.  The  type  of  source  can  easily  be 
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changed  -provided  that  the  solenoid  remains  close  to  it-  by 
adjusting  the  distance  between  the  solenoid  and  die  triplet. 

The  maximum  rigidity  of  the  line  of  0.136  T  in 
corresponds  to  the  maximum  field  of  the  existing  dipole. 

The  characteristics  of  the  elements  are : 

-  Solenoids  :  max  field  =  6800  G,  magnetic  length  = 
400  mm,  bore  diameter  =  70  mm. 

-  Quadrupoles  (which  provide  in  addition  a  dipolar 
component  for  a  steering  purpose)  :  max  gradient  3.5  T.m, 
magnetic  length  =  210  mm,  bore  diameter  =  80  mm. 

.  An  analyzing  section  composed  of: 

-  A  90°  double  focusing  dipole  (max  field  =  3400  G„ 
radius  of  curvature  =  400  mm,  gap  height  =  70  mm,  max 
radial  extent  in  the  vacuum  chamber  =  ±  120  mm,  pole  face 
rotation  27°,  tilt  of  the  focal  plane  with  respect  to  die  axis 
27°). 

-  A  sextupole  (max  field  =  700  G,  magnetic  length  170 
mm,  bore  diameter  =  140  mm)  is  placed  230  mm  in  front  of 
the  dipole  entrance  to  correct  geometrical  aberrations. 

The  calculated  mass  resolution  is  4  10"  ^  for  an  emittance 
of  80  nmm.mrad  (see  figure  3) :  the  ZGOUBI  axle  (4)  was  run 
with  200  particles  uniformely  filling  a  4D  hyperellipsoid  :  a 
measured  field  map  is  used.  A  better  resolution  can  be  obtained 
by  achieving  a  lower  radial  angle  matching  and  then  cutting 
with  the  slits  located  at  0.  Vertical  slits,  as  well  as  radial  ones, 
can  be  used  for  stopping  unwanted  charge  slates. 
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Figure  3.  Mass  resolution  without  and  with  sextupole 

A  special  box  for  diagnostics  is  placed  around  the  image 
point  I.  It  contains  a  vertical  wire  moving  parallel  to  the  focal 


plane,  2  radial  slits  moving  in  the  plane,  a  beam  profile 
monitor  and  a  faraday  cup.  The  tilt  of  the  first  3  diagnostics 
can  be  manually  adjusted. 

Transport  to  the  detector: 

A  set  of  electrostatic  quadrupole  doublet  and  triplet  is  used 
to  transport  the  whole  emittance  on  the  detector  D  located  in  a 
very  low  background  area.  The  beam  diameter  at  D  is  10  mm. 
Since  there  is  independant  power  supply  per  electrode  for  each 
quadrupole,  horizontal  and  vertical  steering  can  be  achieved. 
The  quadrupole  characteristics  are  :  max  voltage  =  2.5  kV, 

SRo  -FROM  SOURCE  PUUJER  TO  OCTECTIOM  POIKT- 
FIRST  ORDER  ENVELOPES  4m/m  -  ±  4  10'* 

Em-H-  150.00  V=  1 50  00  w  mm.mrd  aw/W-  0.200  pm 
27/04/93  12.13.04  FICH.  OON. -0S02S1 2N- 


Figure  4.  Beam  envelopes  from  source  to  detector 


VI.  CONCLUSION 

The  first  version  of  separator  has  allowed  to  establish  the  basic 
feasibility  of  the  "ECR  Source-close-to-target"  concept  for 
efficiently  producing  high  charge  state  radioactive  ions  by  the 
ISOL  method. 

With  the  new  separator  SIRa,  high  charge  state  and  good 
transfer  efficiencies  are  expected  in  a  first  step  with  gaseous 
radioactive  ions  like  '^Ne,  ^Ar  or  ^Kr.  First  tests  will  take 
place  by  the  end  of  this  year. 

In  a  second  step,  alcaline  ions  like  2 1  Na  or  25n3  will  be 
progressively  tested  together  with  a  variety  of  research  studies 
in  the  field  of  radioactive  beam  production. 
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MSTMCT. 

Ike  cawxt  iuckmon  VC-10  cyclotra  is  mi  ain 
castnctioa  at  SC  KI.  It  kas  ken  npxially  defined  to 
ornate  as  part  of  positm-aissia  towyraphy  ceotre.  Ike 
■ail  cyclotroo  parawters  are  yim,  tke  opportnitr  to  tse 
it  for  solriiy  sqm  applied  prablew  sot  related  eitk  PR  is 
coMidered  ii  tke  report. 


IRtOBOCTIfll. 


At  preseot  tke  IK  KI  is  keiif  eoated  tke  VC-10 
cyclotra,  defined  for  uyitire  hydroyw  ins  acceleratioe. 
Ike  tats  aid  adjestMit  of  its  tariaes  systas  are  loin 
carried  at.  Ms  cyclotroo  ns  espesially  daisied  as  a 
part  of  rositm-nifsia  tansrapky  cntre.  Ikes  tke  tail 
cyclotra  parawters  ore  deteniwd  ky  tke  meirewats  for 
prodxtiw  of  eltrashart-lind  radian  li  da  C-Il,  1-13, 
0-15  nd  P-18,  ii  tke  mats  naered  ii  Coria  f Table  1). 


Talle  1.  Tke  nil  parawters  of  VC-10  cyclotroo. 


Accelerated  partida 
Cxtruted  partida 
lea  ewryy  (ux) 
lea  carat  (tax) 
Opaatiis  freneicy 
Karmic  ode 
Pole  dim  ter 
Rasietic  field 
Kxtrxtin  radios 
Hetkod  of  extrxtia 
txtrxtia  efficiexy 
laker  of  extrxted  kens 
r  in  sooko 


I- 

!♦ 

10  lev 
SOMA 
23  Vx 
I 

80a 
1.5  I 
31  a 

ckarye  exckam 

100J 

2 

PIC,  iitenal 


loom,  it  seen  to  ke  expedint  to  coaida  son  otker 
applicatias  fa  tke  xcelnata  of  tkis  type,  iatalled  at 
tke  sciatific  pkysical  cntre  nd  opaatiis  at  PR  aly 
part  tin,  tkn  iocreasiis  tke  xcelnata  efficiexy 
fxta> 

Ike  stody  of  war  aid  corrosin  raistaxn  fa  tke 
wtallic  detailn  of  ration  ixkiws  ky  tke  tkii-layn 
xtiratia  wtkod  is  aa  of  tke  praisiis  field  of  VC-10 
cyclotra  applicatioi.  Ike  ascoe  of  tkis  wtkod,  as  toon, 
is  »  follow.  Tke  detail  resin  nder  its  war  rwistaxe 
stody  is  irradiated  ky  tke  ken  of  xcelnatcd  partida 
paMtratiis  iito  tke  detail  sorfxe  layn  nd  rext  oitk  tke 
wtal  txlei,  prodxiis  ration  r*radioxtire  isotopa.  Tka 
fa  tke  ironowery  nda  iaadiatia  ky  proton  oitk  tke 
ewryy  kiskn  tkn  6  W  tke  wst  pwfnakle  rext  in  is 
*»Fe<p,i)**Co  oitk  prodxtin  of  r*Co  radioxtin  isotope, 
Mick  kn  a  kalf-life  paiod  of  77.3  days,  coomint  fa 
stodyin  tke  war  rwistaxe  nd  a  lot  of  iitenire  liws  of 
skort-eave  r^radiatin.  Tkn  tke  opaatin  of  tke  wcknin 
ii  n-liw  resin  is  iimtiyated  at  tke  tat  knck  a 
dirxtly  daily  tke  exploitatia  prxas.  litka  tke 
decrease  ii  opaatiis  detail  activity  dw  to  tke  attritia 
of  tke  saface  layn,  a  tke  ixrease  it  tke  xtivity  of 


lakricnt,  Mere  tke  war  prodxts  xcnelate  is  mistered 
oitk,  h  a  role,  Ral  sma-detxtoa. 

Tke  tail  adrutayn  of  tke  tkii  layn  xtiratia  wtkod 
ire: 

11  n  oppataity  to  iiratiyate  tke  war  prxws  dyanics 
oitkat  disasseMliiy  tke  ixkiwi 

2)  n  oppataity  to  deteniw  tke  war  rwistaxe  of 
snfxe  kariiy  cnplicated  scow  try; 

3)  kisk  snsitirity; 

41  xranic  efficiexy:  ii  tke  war  stodia  ky  tke 
tkii-laya  xtiratia  wtkod,  aw  cn  saw  a  to  80S  of 
exposes  nd  a  to  VOX  of  tin  ii  cawnisn  oitk  otkn 
wtkods  of  war  stodia  111. 

Tke  VC- 10  cyclotra  is  daisied  fa  xcelaitia  on 
type  of  particles,  tkerefore,  irradiatiw  wde  of  wtal, 
Mick  tke  snfice  layn  is  xtiriwd  ky  proton,  is 
proposed,  fiat  of  all,  it  is  n  irw  Mick  realm  to  ke 
tke  ail  uteri al  tke  ixkiw  detail  uaifxtore. 

Tke  actirated  layer  tkickms,  Mick  detenim  tke 
possibility  of  war  stodyiiy  ky  tkii  layn  xtiratia 
wtkod,  depads  a  tke  prota  ewryy  nd  a  tke  nyle  of 
ken  ixidexe  spa  tke  detail  snfxe.  Horeom,  oitk  tke 
ixrease  of  tke  prota  ewryy  tke  Co  isotope  yield  risa 
tkat  allow  ow  to  redxe  tke  detail  irradiatin  tin  nd 
kexe  to  redxe  tke  expnsa  a  xtiratia.  laoera,  at  tke 
ewryin  exceediiy  12  ReV  rextius  oitk  prodxtion  of 
otkn  isotopa  kas  keyn,  Mick  cowidnakly  redan  tke 
wtkod  efriciexy  a  era  cxclided  tke  pasikility  of  its 
applicatin.  Tkss,  tke  best  prota  ben  ewryy  fa 
xtiratiis  steel  nd  ira  is  akat  12  HeV.  Tke  xtirata 
layn  tkickms  cu  be  rnied  ii  a  eide  raise  (38-SOflMi) 
dw  to  tke  ckoice  of  hen  ixidexe  nsle  opn  tke  detail 
snfxe.  Cknyiis  tke  xtiratia  depth  lay  ala  ke  effxted 
by  raryiis  the  prota  ewryy  fra  V  to  12  HeV. 

tech  prota  ben  ewryia  oil]  Wke  it  pasikle  to 
xtirate  tke  details  wde  of  coppa,  titnia,  ckraia  aid 
otters  oitk  the  oaxiial  xtiratia  depth  of  258-300  Mi, 
that  tans  ost  to  be  yeite  sofficiat  fa  the  wjaity  of 
probim  ii  the  war  stidy  ii  wcknical  ayiwaia* 

The  uxiial  iiteaity  of  the  ten  Mich  xtirata  the 
expaiwital  detail,  a  a  ale,  is  deteniwd  by  the 
cooditiaa  of  caliis  the  irradiated  detail  min.  The 
Ixal  heatiiy  ii  the  irradiated  ana  skald  wt  renlt  ii  n 
nsatial  cknse  ii  the  wcknical  propertin  ii  this 
min.  Tke  typical  ben  iiteaity  ralm  fn  xtiratia  an 
tot  mn  tkn  1  MA. 

This,  the  VC-10  cyclotra  cawletely  satisfies  tke 
reyiironts  fa  pata  ten  iiteaity  fra  the  poiit  of 
ria  of  its  esase  fa  tke  actiratia  of  the  this  layn,  bet 
the  saziial  ten  ewryy,  takiiy  iito  coaidnatia  ewryy 
lasa  at  tke  ostpvt  foil  oiidw  tens  eat  to  be 
ioofficint. 

The  sec  ad  praisiis  iwlewitatia  the  VC-10  cyclotra 
cn  fiid  ii  the  wetra  radioyrapby  wtted  :  fa  the 
la-datnctire  catrol  of  rariow  prodxts  nd  wtnials  ii 
tke  ataic  pan  prodxtia,  ii  propelsia  nd  rocket 
txteoloyia,  ii  the  fields  nlated  oitk  the  cnatia  of  wo 
uteri ils  aid  caopositioa- 

Tke  wetra  rtdioyrapky  tccteiyw  is  based  a  tke 
depadexe  of  the  sebstaxe-mtra  iitaxtia 
cnss-sxtiaa  a  mtra  ewryy  nd  a  tke  ckarxtaistics 
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of  a  The  oaio  pecaliarity  is  the  clearly 
pmonced  leap-character  of  the  gneral  behavioar  of  the 
effective  cwss-sectins  of  thenal  nitron  iiteractin 
■ith  aiclei  nlike  ii  the  interaction  of  gnu  aid  P-ray 
radiatin  with  tatter-  The  total  cross-sections  of  son 
isotopes  reach  very  high  valees  aid  it  oftei  tins  oat  that 
tho  nighboariag  nclei  hare  a  lay-tins  saaller 
cross-sectin-  As  a  rosalt,  oie  cai  coitrol  the  coiteit  of  a 
•saber  of  eleants  ii  the  prodicts  of  coaplicated  chetical 
s trie tare  by  a  degree  of  leitroi  flax  atteiaatioa-  The 
esseice  of  the  leatroi  radiography  techiigae  is  as  follows  : 
ai  object  aider  stady  is  ezaaiied  with  the  peietratiig 
collimated  beat  of  thenal  leatrois  aid,  at  the  san  tin, 
the  leatroi  flax  distribatioi  beyoad  the  object  is 
registered  by  the  detector-  The  ladear  reactors  are  aaiily 
ased  for  IS  as  a  Fowerfal  soirees  of  thenal  leatrois-  They 
cai  provide  high  flaxes  of  thenal  leatrois  :  i*106 
leatrois /ci3s  beyoid  the  colliaator-  Accelerators 
(cyclotron!  cai  also  be  ased  for  prodactioi  of  leatrois  for 
IB-  li  this  case  the  aost  preferable  reactioi  is  Bevip«i)B9- 
As  a  resalt  of  this  reactioi,  the  leatroa  yield  is  aaziaal, 
aid  siice  the  leatrois  of  a  lower  eiergy  are  prodiced,  the 
process  or  their  farther  thenal ixatioi  is  am  effective- 

The  adyaitages  of  asiig  the  cydotroi  as  compared  to  the 
nactor  are  evidnt  : 

-  leatroi  gneratioi  stops  with  switchiig  off  the 
cydotroi  beaa,  i-e-  the  aeatroa  soiree  is  coitrol  led! 

-  the  systei  is  coopact  aid  easely  to  operate, 

-  there  is  considerable  gaii  ii  electric  ponr- 

Ii  particalar,  the  IB  stadies  with  baby-cyclotron ,  as 
Matroi  soirees,  hare  already  beei  dole  ii  Japan  for  a  loig 
tin  121- 

If  oie  tans  to  the  HPC-10  cydotroi  with  the  increase  of 
the  waxiial  eiergy  of  the  extracted  protoi  bean  ap  to  12  Be? 
the  leitroi  flax  froi  the  point  soiree  'Be- target!  will  be 
eqaal  aboat  2viO#,Mitm/akA*s  121-  lith  the  increase  of 
the  beat  carreit  ap  to  290  akA,  the  thenal  Matron  flax 
density  after  the  colliwator  cai  be  egaal  aboat  10s 
■eatrois/cw  s,  i-e-  is  aFFroachiig  ii  its  valae  the  siiilar 
yalae  for  the  reactors- 

rroa  the  aboye-said  oie  can  coadade  that  it  is  necessary 
to  increase  the  laxiial  eiergy  of  the  extracted  beat  ap  to 
12  He?  ii  the  Mar  stadies  aid  in  the  IB-techiigae,  as  Mil 
as  to  inenase  the  beaa  carreit  if  to  209  lkA  ! for  IS)  for 
an  effectire  the  HPC-19  cyclotn  isiig- 


191  HIBCT  IICBIASIK- 

The  iicreasiig  of  the  waxiial  eiergy  of  8-  ions, 
accelerated  at  the  HPC-10  cydotroi,  froa  10  to  12  He? 
regains  iicnasiig  the  aagietic  rigidity  froa  0-156  to  0-5 
T*a  that  is  expected  to  be  attain  both  die  to  the  average 
aagietic  field  raising  aid  dae  to  extraction  radias  raisin- 
The  aagMtic  field  will  be  iicnased  ap  to  ~  1-55  T!  its 
farther  iicnase  tans  oat  to  be  aiexpedint  becaise  of  the 
abrapt  growth  of  the  ngaired  aagiet  aaii  coil  aapertans 
(dae  to  the  sataratioi  of  the  aagietic  cinait  iron)  that 
redaces  the  accelerator  efficieacy-  Roreorer,  in  essntial 
iicnase  of  the  aagMtic  field  will  lead  to  the  necessity  of 
the  aagietic  stnetan  geoMtry  considerable  chaigiig  dae  to 
the  changing  of  the  radial  field  shape  aid  the  decnase  of 
the  flatter,  deteniiiag  the  vertical  focassiig  of  ins- 

The  isochroioas  aagietic  field  profile  is  beiig  foraed  ap 
to  the  radias  of  aboat  30  ca>  This  the  acceleratioi  of  8' 
ion  at  the  last  nvolatiois  takes  place  ii  the  ngioi  of 
aagietic  field  edge,  ii  radii  froa  30  to  33ca,  where  the 
stripping  foil  to  obtain  the  eiergy  of  12  He?  aast  be 
located-  Despite  the  phase  shift  of  aboat  30°,  which  the 
particles  will  get,  they  will  not  leave  the  accelerating 
phase- 

The  extraction  of  8"  ions  with  the  nergy  of  12  He?  is 
expected  to  be  perfoned  into  the  saM  channels  as  the  10 


He?  particles-  This  will  be  attaiied  dae  to  saitable 
selection  of  the  stripping  foil  position  by  the  asiMth- 
Besides,  Mviig  the  stripping  foil  by  the  radias  aid  asiMth 
oie  can  vary  the  nergy  of  extracted  protns  froa  9  to  12 
He?- 

The  iicnase  of  the  accelerating  stnetan  nsoiaice 
fregancy  ap  to  23-7  His,  comspoidiig  to  the  aagietic 
field  will  be  attaiied  die  to  son  stricter!!  pecaliarities 
of  the  nsoiaice  systn- 

The  HPC-10  nsoiaice  systea  desigi  provides  the 
possibility  of  tiaiig  its  fregancy  froa  23  to  25  Ms  by 
chaigiig  the  dns  diffemt  ia  anal  the  possibility  of  fine 
tniig  the  nsoiator  fregincy  by  chaigiig  the  gap  betaen 
the  dn  aid  the  cover  is  also  provided-  Finally,  the 
capacitive  triners  •  reaotely  drivea  -will  allow  oie  to 
adjast  aid  to  stabilin  the  resoiator  fngancy  nder 
operating  conditions-  All  this  ezdides  the  necessity  ii  the 
iisertioi  of  a  coaplicated  systn  of  Mvable  short-circaited 
plates- 

In  order  to  iicnase  the  nsoiaice  systea  operation 
stability,  the  artificial  capacitive  link  betwen  the 
nsoiaice  lines  is  pnvided-  The  connection  is  sapplies  with 
ai  additional  capacity  betwen  the  rods  of  nsoiaice  lins- 

The  HPC-10  nsoiaice  systn  has  ben  aiMrically 
siaalated  aid  stadied  with  a  fall  scale  aock-ap  at  the 
fngancies  of  23  aid  25  Ms-  The  Masanants  have 
deaoistrated  fill  agreeant  betwen  the  calcalatioa  nd 
siaalatioi-  The  resonator  gaality  factor  has  ben  Masared, 
3  -2250- 

The  iidastrial  bnadcastiig  traisaitter  PKH-29  providing 
ap  to  25  kl  ii  the  operating  fregancy  range  is  expected  to 
be  ased  for  the  nsoiator  excitatioa-  la  accordance  with  the 
calcalatiois  aid  nasanants,  this  power  is  a  priori 
safficint  for  providing  the  cydotroi  operating  enditins- 


Id  S0OBCE- 

An  iitenal  radial  ioi  soiree  has  ben  chosn  for  the 
HPC-10  cydotroi  -  Iiitially,  the  ion  soiree,  PIC  type, 
with  self -heated  cathodes,  was  aanfactirod  aid  on  was 
tested  at  the  special  test  bnch-  At  this  in  soiree  was 
obtained  a  beaa  H'ins  with  nergy  15  ke?,  at  the  cirmt  1 
■A,  at  the  gas  flow  9,5  ca*/aii  (B  :  0,6  T).  Uafortnately, 
the  disigied  in  soiree  had  two  aaii  drawbacks:  a)  hard 
discharge  igiitin  aid  fngint  bnakdons  alng  the 
iasilator  sarfaces  in  the  process  of  igiitin!  b)  short  life 
tiM  of  a  cathode  nder  operating  enditins,  aoreover,  for 
applicatin  of  the  HPC-10  ii  the  Mthod  of  aeatm 
radiography,  ne  shoald  iicnase  in  cirmt,  extracted  froa 
the  soiree,  withoat  iicnasiig  (better  ndaciig),  the  gas 
adaissin  to  the  soarce-  Ii  c  meet  in  with  the  above-said, 
n  have  started  the  iivestigatin  of  an  in  soiree  with 
directly-heated  cathode  131-  Ii  order  to  iicnase  the 
cathode  aid  the  reflector  life- tiM  they  have  ben  aade  of 
low-spittered,  electrical ly-cndactiig  ceraaics  (iiitially, 
the  the  cathodes  mm  aade  of  taitaln!  This  allowed  as  to 
iicnase  a  few- tin?  life-tin  of  the  in  soiree  and 
provided  the  roliable  operatin  of  the  iisalator-  Horeover, 
the  I'-ioi  beai  cirmt  was  iicnased  ap  to  1,3  aA,  at  gas 
flow  Q  =  B  ca*/aii,  that  was  nlated  with  a  filer  discharge 
adjastant  to  the  optiaal  operating  node-  The  iisertin  of 
Mlybdnn  in-cooled  envertor  ii  the  extractin  slit  sne 
allowed  to  iicnase  the  in  beaa  cirmt  ap  to  2  aA  ii 
cnstait  arc  rogin  (IW-  230?,  I**.:  3,5  A,  B  =  0,85  T), 
at  the  nergy  16  ke?  aid  Q  c  8  cavan-  The  depeidnces  of 
8~-  in  yield  oi  the  gas  fin  to  the  in  soarce  nd  n  the 
extractin  voltage  nder  operating  enditins  an  givn  ii 
Pig-1  aid  Pig-2-  At  pnsnt,  son  stadies  an  dne  ii  order 
to  fiid  oat  the  aechnisa  of  the  enverter  effect  apn  the 
ioi  yield  fm  the  some-  It  seeas  to  be  iaportait  to 
deteniie  whether  the  H'-ins  are  aaiily  prodiced  apn  the 
enverter  serf  ace  or  ii  the  voIim  discharge  sne,  Maiwhile 
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tke  cnmttt  anitts  i*  tkeir  drift  to  the  extract  in  slit. 
If  tke  assnptin  tkat  sail  roll  ii  this  process  is  played 
tke  yolnetric  in  prodsctin  aid  tie  drift  of  charged 
particles  are  corroborated,  this  sill  alios  is  to  iicreate 
in  cirmt  (  ip  to  4-6  aA  I  or  lithnt  redsctin  ii  tke 
beaa  cirmt,  to  redice  tke  latent  loadiiq  n  tke  cyclotm 
aid  to  iicreate  in  soiree  life-tin  by  tke  yeantry 
optiiisatin  of  tke  cnrerter,  aid  a  discharge  ckaiber  oitk 
extractin  slit. 


Fig  1  Dependence  Ion  boom  ounent  on  hydrogen  flow 
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Abstract 

The  experimental  RF  heavy  ion  linac  with  charge  to  mass 
ratio  np  to  1/46  has  been  built  to  demonstrate  some  pos¬ 
sibilities  of  the  compact  alternating  phase  focusing(APF) 
accelerator  structure  with  high  energy  gain  speed.  The 
lint  experience  on  molibdenium  and  tungsten  ions  accel¬ 
eration  to  0.31  MeV /amu  is  considered.  The  linac  consists 
of  90  kV  electrostatic  injector  with  the  MEVVA  ion  source 
and  6m  Wideroe-type  drift  tube  APF  18.4  MHz  resonant 
structure. 


1  INTRODUCTION 

Ever  increasing  interest  of  different  brunchs  of  science  and 
technology  in  accelerated  heavy  ions  urges  intensive  inves¬ 
tigations  at  ITEP  applied  linacs  department  in  direction 
of  creating  accelerators  to  adequate  up-to-date  industrial 
facilities  which  make  use  of  compact  to  the  utmost  utility 
and  not  expensive  accelerators  . 

In  conventional  self-phasing  RF  accelerator  structures 
ions  are  affected  strongly  by  defocusing  accelerating  field 
forces.  In  low  charged  heavy  ion  linacs  these  forces  are 
strong  throughout  the  whole  accelerator  because  of  low 
speeds  of  velosity  gain.  It  makes  a  typical  RF  self-phasing 
heavy  ion  linac  for  the  energy  of  1-2  MeV/u  a  huge  and 
complicated  machine  which  would  be  comparable  with  pro¬ 
ton  one  for  energies  of  tens  and  ever  hundred  MeV.  In  APF 
linacs  self-phasing  is  replaced  by  alternating-sign  phasing 
to  avoid  RF  defocusing  almost  entirely  at  the  cost  of  some 
accelerated  current  decreasing.  The  transverse  and  longi¬ 
tudinal  focusing  forces  are  produced  by  RF  accelerating 
field  by  means  of  appropriate  arranging  the  drift  tubes 
and  accelerating  gaps  length  in  such  systems.  So  there  is 
no  need  in  any  external  focusing  arrangements,  accelerat¬ 
ing  field  amplitudes  may  be  increased  up  to  5-10  MV/m 
and  the  linac  channel  length  decreased  by  a  factor  of  10-20 
therefore.  For  some  scientific  and  industrial  problems  APF 
linac  advantages  may  be  overrading. 

In  the  late  1980s  APF  short  148.5  MHz  linac  sections 
for  ions  with  charge  to  mass  ratios  1/2  and  1/4  have  been 
built  and  investigated  [1-3].  Those  works  proved  APF 
structures  possibilities  to  reach  very  high  energy  gain  speed 
(up  to  7.5  MeV/m  and  more),  reliability  and  relative  tech¬ 
nological  simplicity.  Since  1990s  APF  linac  opportunities 
for  very  heavy  ions  are  considered  at  ITEP  too. 

2  ACCELERATOR  DESIGN 

The  18.4  MHz  APF  heavy  ion  linac  for  the  energy  of  310 
keV/amu  has  been  constructed  and  put  into  operation 


at  ITEP.  It  consists  of  90  kV  electrostatic  injector  with 
MEVVA-type  ion  source  and  6m  Wideroe-type  accelerat¬ 
ing  structure. 

For  heavy  metal  ion  production  the  MEVVA-type  ion 
source  developed  at  ITEP  [4].  The  source  is  operated  in 
pulse  mode  and  able  to  deliver  metal  ion  beams  of  moder¬ 
ately  charged  up  to  some  tens  mA  and  offers  a  large  variety 
of  elements. 

The  twin  transmission  line  (Wideroe-type)  accelerating 
structure  with  drift  tubes  is  located  inside  the  6m  stainless 
steel  vacuum  tank  of  0.7m  in  diameter  which  offers  the  ser¬ 
vice  of  external  resonator  surface  too  (see  fig.l ).  The  vac¬ 
uum  tank  consists  of  six  1  m  length  and  6  mm  wall  thick¬ 
ness  identical  tubings  joined  together.  Every  tank  has  four 
large  ports  for  a  vacuum  pumping,  view  windows  and  RF 
power  driving,  tuning  and  monitoring.  The  50  uniform  di¬ 
ameter  drift  tubes  are  arranged  along  the  5.5  m  resonator 
accelerating  channel.  All  the  drift  tubes  are  supported  by 
stems  mounted  by  turns  on  the  two  longitudinal  resonant 
electrodes  (copper  pipes).  The  longitudinal  positions  of 
the  drift  tubes  was  defined  by  calculations  and  ensured  by 
precise  alignment.  The  drift  tubes  stems  are  bolted  to  the 
longitudinal  resonant  electrodes.  Every  drift  tube  stem 
has  special  technological  circle  tooth  and  is  supplied  with 
copper  foil  to  provide  reliable  RF  contacts  with  the  longi¬ 
tudinal  electrodes.  All  drift  tubes  alignment  is  occured  by 
picking  out  suitable  foil  thickness.  The  resonator  forced 
cooling  was  absent  at  that  experimental  stage  because  of 
high  values  of  pulse  period-to-pulse  duration  ratio  (10000 
and  more).  The  APF  linac  technical  parameters  are  listed 
in  table  1. 


Table  1:  APF  Linac  Experimental  Parameters 


Accelerated  ions 

Mo,  W 

Minimum  charge  to  mass  ratio(q/A) 

1/46 

Input  energy 

1.9  keV/amu 

Output  energy 

310  keV/amu 

Frequency 

18.4  MHz 

Max.electric  field  on  the  axis 

10.2  MV/m 

Current  pulse  length 

20-150  mcs 

Q-factor 

2000 

Shunt  impedance 

82  MOhm 

Aperture  radius 

5-16  mm 

The  gap  field  gradients  are  tilted  from  4.0  to  10.2 
MV/m  on  the  initial  1.5  m  length  and  keeped  approxi¬ 
mately  constant  then  up  to  the  channel  exit. 

The  measured  voltage  distribution  differed  strongly 
from  calculated  one  in  some  places  along  the  accelerator 
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Figure  1:  18.4  MHa  APF  accelerating  structure 


axis.  So  the  adjustments  have  been  made  by  changing  some 
gaps  and  drift  tubes  length  at  some  input  and  intermediate 
accelerating  periods. 

3  FIRST  EXPERIMENTS 

Here,  the  aim  was  twofold.  In  the  first  place  the  main  tech¬ 
nical  details  with  APF  linac  technological  systems  operat¬ 
ing  in  independent  modes  and  than  their  joint  working  with 
different  ion  species  acceleration  modes  have  been  studied. 
The  design  charge  to  mass  ratio(q/A)  had  been  adopted 
as  1/46  which  corresponded  with  tungsten(W1'^)  ions  ac¬ 
celeration.  But  the  different  species  such  as  W+i  ,  M  o+3 
and  Mo +4  ions  have  also  been  accelerated  by  appropriate 
changing  injection  voltage  and  RF  power  consumption  lev¬ 
els.  So  accelerated  ion  species  were  within  the  range  from 
1/24  (for  Mo*  ions)  to  1/46.  The  total  pulse  RF  power 
consumption  level  varied  from  0.7  to  2.0  MW. 

The  18.4  MHz  RF  system  provides  a  0.2  ms  peak  pulse 
power  up  to  2.5  MW  and  contains  the  driver  and  final 
amplifier  with  the  positive  feedback  coupling  loop  to  work 
at  self-exited  mode.  The  RF  power  is  fed  through  a  cable 
to  the  cavity. 

The  accelerator  vacuum  system  comprised  of  two  ro¬ 


tary  pumps,  eight  500  1/s  turbomolecular  and  ten  400  1/s 
electrocharging  pumps  which  promised  to  get  the  working 
vacuum  3.10-4  Pa. 

The  accelerated  W+*  ions  intensity  reached  5.10® 
ions/pulse  at  the  firet  stage. 

The  other  special  purpose  program  was  to  investi¬ 
gate  different  modes  of  thin  polymer  films  irradiation  for 
particle-track  membranes(PTM)  producing  technology  de¬ 
velopment^].  The  accelerated  heavy  metal  (Mo  and  W) 
ion  beams  have  been  used  for  PTF  thin  films  irradiations. 
Heavy  ion  intensities  varied  over  the  wide  range  from  10* 
to  5.10®  ions/pulse.  The  type  PTF  film  photo  after  the 
tungsten  ion  irradiation  and  etching  processes  is  shown  at 

fig-2. 
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Figure  2:  Polymer  film  after  tungsten  ion  bombarding  and 
etching 
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Abstract 

Building  a  custom  accelerator  control  system  requires  effort 
in  the  range  of 30-100  person-years.  This  represents  a  signifi¬ 
cant  investment  of  time,  effort,  and  risk,  as  well  as  challenges 
for  management  Even  when  the  system  is  successful,  the  soft¬ 
ware  has  not  yet  been  applied  to  the  particular  project;  no  cus¬ 
tom  control  algorithms,  either  engineering  or  physics-based, 
have  been  implemented;  and  the  system  has  not  been  docu¬ 
mented  for  long-term  maintenance  and  use.  This  paper  re¬ 
views  the  requirements  for  sharing  software  between  accelera¬ 
tor  control  system  projects.  It  also  reviews  the  three 
mechanisms  by  which  control  system  software  has  been  shared 
in  the  past  and  is  being  shared  now,  as  well  as  some  of  the  expe¬ 
riences.  After  reviewing  the  mechanisms  and  experiences,  one 
can  conclude  there  is  no  one  best  solution.  The  right  software 
sharing  mechanism  depends  upon  the  needs  of  the  client  site, 
the  client  resources  available,  and  the  services  the  provider  can 
give. 

I.  PROBLEMS  WITH  DEVELOPING 
CONTROL  SYSTEM  SOFTWARE 

Sharing  software  is  a  solution;  the  problem  is  the  risk,  cost 
and  time  taken  to  develop  the  control  system  software.  Before 
any  application  to  the  accelerator  in  question,  the  control  sys¬ 
tem  software  represents  an  investment  of  between  30  and  100 
or  more  person-years  [ref.  1].  Multiplying  this  figure  by  any 
developed  country’s  average  programmer’s  salary  u  ith  over¬ 
heads  easily  turns  this  into  multi-million  dollar  investments 
for  just  one  part,  albeit  important,  of  the  overall  control  system. 
If  one  then  adds  in  the  maintenance,  support  and  improvement 
of  the  software  over  the  life  of  the  accelerator,  the  number  can 
easily  be  multiplied  by  factors  of  between  two  and  five  to  ob¬ 
tain  the  lifetime  cost. 

Clearly,  such  expenditures  should  not  be  entered  into  without 
examining  the  alternatives. 

Apart  from  cost,  the  risk  of  the  software  being  incomplete  or 
insufficient  at  the  time  it  is  needed  is  also  a  serious  issue. 

For  the  accelerator  field  as  a  whole,  this  problem  is  getting 
bigger  simply  because  the  number  of  accelerators  is  growing  as 
new  accelerator  applications  are  developed.  As  evidence  for 
this  one  only  has  to  plot  the  growth  in  the  attendance  of  the  con¬ 
ferences  such  as  this  one.  One  recent  estimate  [ref.  2,  3]  for 
providing  desirable  and  reasonable  control  system  user  facili¬ 
ties  at  the  major  accelerators  world-wide  adds  up  to  in  excess 
of  one  billion  dollars  over  ten  years.  The  inference  is  that 


unless  changes  are  made,  only  a  fraction  of  the  requirements 
will  be  met. 

II.  THE  VALUE  OF  SOFTWARE 

Software  is  intellectual  property  and  each  piece  of  software 
represents  a  solution  to  a  problem  or  a  component  of  a  solution 
to  a  problem.  Like  other  forms  of  intellectual  property,  the  val¬ 
ue  of  a  piece  of  software  is  derived  from 

1.  Understanding  of  the  problem. 

2.  Analyzing  the  problem  and  its  requirements  towards  a  solu¬ 
tion. 

3.  Literacy  with  the  techniques  and  skill  with  the  associated 
tools  to  be  used. 

4.  Effort  expended  to  provide  the  particular  solution. 

The  first  three  could  be  thought  of  as  setting  the  hourly  rate 
and  the  last  item  being  the  multiplier  that  sets  the  cost  of  a  solu¬ 
tion. 

Software  also  represents  a  value  to  the  user.  This  value  is 
measured  by  the  overall  satisfaction  with  the  system.  Basically, 
what  is  the  cost  of  not  having  that  piece  of  the  solution?  There 
is  another  component  of  the  cost  of  software — risk.  This  is  the 
risk  that  the  software  solution  to  the  problem  will  either  simply 
not  be  working  when  needed  or  will  not  fulfill  one  or  more  of 
the  requirements.  Custom-developed  software  represents  the 
highest  risk  with  the  level  of  risk  being  determined  by  the  size 
and  track  record  of  the  team  working  on  the  problem. 

III.  DIFFICULTIES  IN  ACCELERATOR 
CONTROL  SYSTEMS  DEVELOPMENT 

Accelerator  control  systems  are  large  in  the  number  of  chan¬ 
nels,  complex  in  the  engineering  and  physics  of  the  process  and 
uncertain  in  the  sudden  appearance  of  new  requirements.  All 
these  factors  are  greater  than  they  are  in  industrial  systems.  In 
developing  a  control  system,  or  any  other  system,  one  cannot 
reduce  the  complexity  of  the  system  to  a  level  below  the  basic 
complexity  of  the  application. 

From  the  first  operation  of  the  accelerator,  one  can  confident¬ 
ly  expect  that  the  requirements  on  the  control  system  will  grow 
rapidly  and  in  unpredictable  ways  as  the  understanding  of  the 
physics  of  the  accelerator  is  developed  and  confirmed  and  the 
needs  of  operations  understood.  There  will  be  the  need  to  incor¬ 
porate  into  the  control  system  some  of  the  basic  physics  codes 
that  were  written  for  accelerator  design  rather  than  accelerator 
operations.  There  will  also  be  the  need  to  incorporate  control 
algorithms  developed  during  the  R&D  phase  and  also  during 
operations. 
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If  the  architecture  and  design  of  the  control  system  hardware 
and  software  are  not  structured,  open  and  flexible,  then  ex¬ 
panding  requirements  will  be  harder  and  harder  to  meet  and  the 
result  will  be  a  nightmare  to  maintain.  Very  often,  small  con¬ 
trol  systems  are  required  at  the  R&D  stage  of  a  project  The 
ability  to  make  a  version  of  the  final  system  available  early  on 
will  save  work  and  simplify  project  integration. 

IV.  REDUCING  THE  COST  AND  RISK  OF 
ACCELERATOR  CONTROL 
SYSTEM  DEVELOPMENT 

Table  1  lists  some  of  the  accelerator  control  system  software 
sharing.  It  will  be  seen  that  there  has  been  an  increasing  pace  of 
software  sharing  in  recent  years  as  the  advantages  come  to  be 
appreciated  and  the  complexity  of  the  requirements  and  the  ba¬ 
sic  tools  of  computing  increased  rapidly  (compare  the  Plot-10 
graphics  library  with  Xlibl).  The  industry  has  developed  soft¬ 
ware  development  methodologies  and  tools  to  support  these 
methodologies.  These  help  to  combat  the  complexity  of  the  re¬ 
quirements  and  reduce  the  development  time  for  the  solution. 

Tools  are  also  being  developed  to  assist  with  the  implementa¬ 
tion  of  the  design.  Some  of  these  are  general-purpose  tools 
(Visual  Basic,  Object  Vision,  OBLOG,  OBLOG  CASE,  Data- 
views,  SL-GMS,  IDL,  etc.)  which  reduce  the  writing  of  code, 
and  others  are  specific  application  shells  or  toolboxes  (Factory 
Link,  Lab  View,  VXL,  Wonderware,  Vsystem,  Basestar,  RTAP 
and  so  on)  Each  application  shell  or  toolbox  is  targeted  at  a  par¬ 
ticular  class  of  applications  and  allows  the  user  to  start  devel¬ 
oping  the  specific  application  as  soon  as  die  initial  design  is 
complete.  One  can  expect  this  picture  to  change  rapidly  in  the 
future. 

V.  ISSUES  IN  SHARING  SOFTWARE 

A.  Architecture 

The  general  hardware  and  software  architecture  of  the  sys¬ 
tem  will  determine  bow  easily  the  shared  software  will  fit.  This 
section  discusses  some  of  the  issues  of  the  operating  system  in¬ 
terfile  and  the  application  interface. 

1.  Computer,  Operating  Systems,  Graphics  and  Networking 
Choices 

It  is  unfortunately  still  true  that  it  is  a  substantial  job  to  port  a 
system  developed  using  the  full  facilities  of  one  choice  of  hard¬ 
ware  and  software  to  a  different  family  of  choices.  Improve¬ 
ments  in  this  area  are  slow  but  they  are  occurring  (UNIX,  PO- 
SIX),  although  other  market  forces  like  Macintosh,  MSDOS 
and  Windows/NT  confine  this  improvement. 


2.  Application  Interfaces 

a.  I/O  Hardware 

In  many  of  the  more  recent  software  architectures,  this  inter¬ 
face  is  standardized  so  that  the  applications  do  not  need  to 
know  about  the  exact  details  of  the  hardware  connection.  Some 
form  of  standard!  red  hardware  access  is  a  requirement  if  soft¬ 
ware  is  to  be  shared.  This  can  be  by  using  protocols  such  as  are 
being  developed  and  used  by  die  European  Physical  Society 
Group  on  Experimental  Physics  Control  Systems,  or  by  using  a 
real-time  database  or,  indeed,  both. 

b.  Software  Data  Bus 

This  is  a  software  data  interface  for  communication  between 
the  software  components  of  the  system.  This  can  include  a 
real-time  database  and  embedded  features  such  as  alarming, 
data  conversion  and  the  storing  of  secondary  information  about 
each  item  of  data.  Mechanisms  such  as  pipes  and  local  and  re¬ 
mote  procedure  calls  are  very  simple  mechanisms  that  know 
nothing  about  the  application.  Many  systems  have  built  specif¬ 
ic  control  system  functions  and  communications  on  top  of 
these  primitives. 

c.  User  Interface 

Different  user  interface  environments  can  make  the  use  of 
software  from  another  institute  difficult.  Clearly,  the  ASCII 
terminal  interface  is  common  to  nearly  all  systems  (remember 
EBCDIC?)  but  there  are  a  number  of  graphics  interfaces  in  use, 
although  the  two  rather  different  low-level  interfaces,  X-win- 
dows  with  Motif  and  MS-Windows,  are  presently  the  primary 
software  interfaces. 

d.  Operating  System  Services 

Programs  directly  use  many  services  of  the  operating  system 
for  which  they  are  written.  In  this  case  there  is  often  consider¬ 
able  re-engineering  to  be  done  to  port  the  program  to  another 
operating  system.  Here,  even  UNIX  does  not  help  as  each 
UNIX  supplier  has  modified  UNIX  for  their  particular  view  of 
their  users’  needs.  The  POS1X  set  of  standards  will  be  a  great 
improvement  once  they  are  all  finally  agreed  upon  and  com¬ 
mercially  available.  It  is  unfortunate  that  the  POSIX  standard 
most  needed  for  accelerator  controls,  the  real-time  extensions, 
is  the  one  that  is  yet  to  be  agreed. 

The  other  operating  system  interface  issue  is  the  file  system. 
If  one  considers  the  three  primary  operating  systems  as  MS- 
DOS  (and  Windows),  UNIX  (in  its  many  different  flavors)  and 
Open  VMS  (on  the  VAX  and  the  Alpha/AXP)  then  one  has  three 
different  naming  conventions  and  restrictions  and  three  very 
different  sets  of  file  structure  capability. 

B.  Support  and  Maintenance 

All  software  needs  support  and  maintenance.  This  is  either 
provided  in-house  for  the  personnel  costs  involved,  or  it  is  pro- 
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vided  by  the  supplier  of  tbe  software  for  a  fee.  If  no  support  is 
available,  it  will  still  be  a  cost  to  the  user  because  of  the  effort  to 
get  systems  working  and  working  effectively.  Either  way  it  will 
be  a  cost  to  the  user.  For  this  reason,  no  software  is  free. 

C.  Control 

One  of  the  reasons  for  the  call  for  “open”  systems  is  so  that 
users  can  feel  in  control  of  die  system.  Control  means  that  re¬ 
gardless  of  the  unexpected  requirements  that  arise  during  the 
life  of  the  system,  the  system  can  be  adapted  and  grown  to  meet 
those  requirements.  This  is,  of  course,  vital  in  research. 

D.  Documentation 

No  software  is  complete  until  the  documentation  is  written. 
Experience  here  has  been  that  this  job  is  often  not  started  until 
the  need  is  more  than  pressing.  For  software  to  be  shared  and 
successfully  used  at  another  site,  good  documentation  is  re¬ 
quired. 

VI.  STAGES  OF  SOFTWARE  SHARING 

Using  software  engineering  techniques,  the  results  of  any 
stage  of  control  system  implementation  can  be  shared  in  order 
to  reduce  effort  and  improve  quality.  Clearly,  the  more  stages 
that  are  shared,  the  mote  cost  and  risk  are  reduced.  These  stages 
are 

1.  The  concepts  of  the  system  and  the  understanding  of  the 
problem 

2.  The  analysis  of  the  problem 

3.  The  design  of  the  solution 

4.  The  implementation  of  the  solution,  the  basic  system  with¬ 
out  the  specific  application 

5.  The  complete  implementation  including  die  application 

The  ability  to  share  stage  one  and  stage  two  are  only 
constrained  by  the  type  of  accelerator  and  its  operation  require¬ 
ments  (such  as  the  need  for  super-cycles). 

Sharing  the  design  of  the  solution  will  require  accepting 
some  constraining  technical  choices,  such  as  networks,  com¬ 
puter  and  operating  system  and  so  on.  However,  this  is  not  such 
a  strong  constraint  at  the  design  phase  as  it  is  in  the  last  two 
phases  when  actual  executable  code  is  shared. 

Depending  on  the  software  engineering  tools  used,  non¬ 
executable  code  can  be  shared  in  the  analysis  and  design 
phases. 

VII.  METHODS  AND  EXPERIENCES  IN 
SHARING  COMPLETE  ACCELERATOR 

CONTROL  SYSTEM  SOFTWARE 

To  date  there  have  been  three  methods  of  sharing  software. 
These  are  “As-is,”  Collaboration  and  Commercial.  Each  is  de¬ 


scribed  below,  with  some  of  the  advantages  and  disadvantages 
listed.  Table  1  lists  some  of  tbe  known  software  sharing  experi¬ 
ences  in  the  accelerator  control  system  field. 

Table  1:  Software  Sharing 


Originator 

- Pi?S - 

Distribution 

Date 

Receiving 

Institutes 

Method 

CERN/SPS 

1970 

DESY.KEK 

“As-Is" 

HMI  [ref.  4] 

1978 

CRL.KFA 

“As-Is” 

FNAL[ref.  5] 

1984 

NSCC,  Loma 
Linda 

“As-is” 

HMI  [ref.  4] 

1985 

CRL* 

Collaboration 

LANL/PSR 

1985 

KFA 

“As-is” 

SLAC  [ref.  6] 

1986 

BEPC,  IHEP* 
DukeU.. 
Oxford  Instru¬ 
ments 

“As-is” 

LANL/TCS 

1987 

TRIUMF, 
BNL,  CRPP, 
CERN/LEAR, 
GSL 

PSI,  HMI,  GA 

“A*-Is” 

CEBAF 

1989 

Bates,  SSC, 
LLNL,  etc 

“As-is” 

vcs 

1990 

Various 

Commercial 

LANL  [ref.  7] 

1990 

ANL/APS, 
Duke  U., 
LBL,  SSC 

Collaboration 

*Application  Programs  Also  Used 


Also  included  for  comparison  is  the  case  of  an  institute  devel¬ 
oping  their  own  system,  the  “roll-your-own”  method.  The  list 
is  ordered  in  decreasing  cost,  development  time  and  risk. 
Where  costs  and  effort  are  mentioned,  they  are  for  the  basic 
system  to  the  point  that  it  is  being  implemented  for  a  particular 
project  and  they  do  not  include  any  application  effort. 

A.  Roll-Your-Own  Method 

Here  the  institute  develops  their  own  system  using  basic 
computing  tools. 

Advantages 

1.  Complete  control  of  the  software  function. 

2.  Free  choice  of  computers,  displays  and  I/O  system. 

Disadvantages 

1 .  Considerable  initial  development  cost,  $2.2-20M.  * 

2.  Considerable  risk. 

3.  Highest  support  and  maintenance  cost,  4-20  people, 
$300K-$4M/yn* 

*  Programmers  are  assumed  to  cost  between  $75K/yr  at  salary  plus 
overhead  and  $200K/yr.  at  salary,  overhead  and  burden  costs. 


1803 


B.  "As-is"  Method 

Here  the  complete  software,  including  sources,  and  any  doc¬ 
umentation  is  provided  from  another  institute  on  an  “as-is”  ba¬ 
sis.  Recipients  then  have  to  develop  and  support  the  software 
on  their  own,  thus  the  software  provides  a  substantial  initial 
start  to  a  project.  Of  course,  the  recipient  can  call  for  either  free 
or  paid  help  from  the  source  institute  of  the  software  and,  in 
practice,  this  has  often  been  given.  However,  the  people  who 
wrote  the  software  initially  usually  have  to  respect  the  sched¬ 
ules  and  demands  of  their  home  institute  first;  therefore,  the  ex¬ 
ternal  requests  usually  create  added  pressure  with  little  recog¬ 
nition  or  reward. 

Advantages 

1.  Significant  design  and  implementation  woik  are  saved. 
This  is  probably  valued  at  about  60%  or  more  of  the  “roll- 
your-own”  cost 

2.  Experience  from  another  project  is  used  initially. 

3.  Receiving  institute  has  full  control  of  further  development 

4.  Considerable  risk  reduction,  the  amount  depending  on  the 
further  development  required. 

Disadvantages 

1 .  Local  continuing  support  and  development  costs  incurred. 
This  can  easily  add  4-20  people  to  the  staffing  requirements  at 
a  cost  of  $300K-$4M/yr* 

2.  Local  variations  of  the  “as-is”  software  are  usually  devel¬ 
oped,  inhibiting  further  sharing  between  the  institutes. 

3.  Software  developed  for  in-house  use  is  not  usually  engine¬ 
ered  to  be  easily  installed  by  other  sites.  Thus,  there  will  be  a 
steep  and  costly  learning  curve. 

4.  Distribution  of  the  software  adds  a  load  on  the  writers  of  the 
software  in  the  form  of  preparing  and  making  distributions  and 
answering  support  requests.  This  is  not  often  offset  by  recogni¬ 
tion  or  reward  from  their  home  institute. 

5.  Restricted,  if  any,  choice  of  computers  and  I/O  system. 

C.  Collaborations 

In  this  form  of  software  sharing,  one  institute  takes  the  lead 
and  provides  the  initial  software  that  is  then  further  developed 
by  a  group  of  institutes  under  some  form  of  common  manage¬ 
ment.  The  key  requirement  of  a  collaboration  is  that  the  control 
system  software  remains  one  system  with  no  local  variants.  If 
local  variants  develop  then  the  relationship  is  likely  to  move 
from  a  collaboration  to  an  “as-is”  relationship. 

Advantages 

1.  Sharing  of  development  costs. 

2.  Broader  experience  feeds  into  the  requirements  for  new  re¬ 
leases. 


3.  Considerable  risk  reduction. 

Disadvantages 

1.  Cost  of  local  support  and  development  team,  3-8  people  at 
a  cost  of  between  $225K-$1.6M/yr.* 

2.  Complexity  and  expense  of  management  between  different 
institutes  to  keep  the  software  common.  Frankly,  this  is  an 
achievement  in  a  single  group  or  institute!  This  management 
issue  also  results  in  a  loss  of  local  control  for  development  de¬ 
cisions  and  relies  on  goodwill  between  the  members. 

3.  Restricted,  if  any,  choice  of  computers  and  I/O  system. 

D.  Commercial  Systems  Developed  for  Accelerator  Controls 

In  this  software  sharing  model,  a  company,  through  normal 
commercial  arrangements,  effectively  becomes  the  control 
system  software  group  for  the  customers.  Experiences  with 
institutes  using  commercial  control  systems  developed  initial¬ 
ly  for  industrial  applications  has  been  poor  because  of  the  addi¬ 
tional  requirements  of  physics  research  applications  that  are 
uncommon  in  industry.  My  company  is  the  only  example  that 
has  started  with  the  physics  market  for  developing,  selling  and 
supporting  a  control  system  toolbox.  As  far  as  I  am  aware,  no 
other  company  has  more  than  a  single  control  system  sale  ac¬ 
tive  in  this  market 

Advantages 

1.  Minimal  support  and  development  costs,  a  fraction  of  a  per¬ 
son  locally  and  $4.5-50K/yr  support  and  maintenance  charges 
to  the  supplier,  total,  23-150K/yr.* 

2.  Considerable  risk  reduction  that  is  essentially  complete  if 
the  products  meet  the  requirements  as  demonstrated  before  the 
sale. 

3.  Support  is  available  and  of  good  quality  because  of  broad 
support  experience  of  the  company  personnel  and  the  direct  re¬ 
ward  to  the  company  and  the  employees  of  the  company  for 
good  product  and  support. 

4.  The  company  normally  controls  the  key  sources,  ensuring 
compatibility  and  the  ability  for  customers  to  share  code  be¬ 
tween  themselves. 

5.  Company  can  and  is  motivated  to  provide  application  help 
at  critical  times  to  customers. 

6.  Product  is  engineered  for  distribution  and  installation  and 
documentation  is  provided. 

Disadvantages 

1 .  Initial  license  cost,  in  the  range  of  $30K  to  $350K. 

2.  Control  depends  on  the  documented  “openness”  of  the 
product. 

3.  Issues  of  the  company  failing  have  to  be  addressed. 

4.  Restricted  choice  of  computers  and  I/O  system. 
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Figure  1  illustrates  the  minimum  and  maximum  costs  likely 
to  be  incurred  by  each  method  over  a  ten  year  period. 


Not*:  Logarithmic  Seal* 

Figure  1: 10- Year  Control  System  Software  Costs 

It  should  be  noted  that  the  commercial  solution  has  an  order- 
of-magnitude  cost  advantage.  This  is  because  of  the  efficien¬ 
cies  of  commercial  operations  and  the  economies  of  scale,  as 
well  as  engineered,  tested  and  documented  software. 

VIII.  SHARING  SOFTWARE  COMPONENTS 
OF  A  SYSTEM 

For  this  to  be  successful,  the  interfaces  as  listed  above  have  to 
be  the  same  or  the  differences  must  be  manageable.  If  the  data 
bus  is  common,  the  problem  is  almost  completely  solved  and 
some  agreement  here  would  greatly  facilitate  software  sharing. 
The  other  interfaces  will  be  as  influenced  by  the  market  forces 
as  by  our  community. 

Experiences  here  have  been  to  successfully  use  some  of  the 
physics  beam  analysis  codes  within  a  control  system  and  to  use 
commercial  products  for  a  part  of  a  control  system.  Past  results 
here  have  been  mixed,  usually  because  the  commercial  prod¬ 
ucts  chosen  were  developed  for  small  industrial  applications. 

IX.  PLANNING  FOR  THE  FUTURE 

The  accelerator  controls  community  has  a  choice.  It  can  let 
the  commercial  products  develop  and  use  them  as  it  can  or  it 
can  be  proactive  in  influencing  the  commercial  developments. 
In  parallel  with  the  first  option  of  commercial  laissez-faire,  the 
community  can  continue  to  develop  its  own  systems  and  share 
them  as  before.  The  basic  problem  with  this  approach  is  that  it 
will  greatly  slow  the  development  of  commercial  solutions  that 
ate  focused  on  the  class  of  applications  represented  by  acceler¬ 
ator  control  systems.  There  are  two  ways  to  influence  commer¬ 
cial  developments.  One  is  for  the  community  to  be  a  significant 
customer  of  one  or  more  software  companies  and  the  second  is 
for  the  community  to  develop  broadly  applicable  standards  and 
to  purchase  products  based  on  those  standards. 

The  developments  one  might  look  for  in  a  commercial  pack¬ 
age  that  is  specifically  designed  for  accelerator  control  are  in¬ 
terface  packages  for  incorporating  some  of  the  standard  phys¬ 


ics  codes,  control  programs  for  accelerator  specific  tasks  and 
soon. 

X.  SUMMARY 

Methods  of  sharing  software,  either  in  analysis  and  design 
stages  or  in  the  complete  system,  have  been  defined  with  the 
advantages  and  disadvantages  explored.  Is  there  one  right  solu¬ 
tion?  Currently,  I  think  that  the  answer  is  no.  It  depends  on  the 
number  and  skills  of  the  programmers  available  to  the  project. 
If  resources  ate  scarce,  then  a  commercial  solution  is  the  only 
solution.  If  ample  resources  are  available  and  the  institute 
wants  complete  control  and  will  accept  the  risks,  then  an  “as- 
is”  solution  or  “roll-your-own”  solution  is  indicated.  Between 
these  two  extremes  sits  a  collaboration  such  as  the  EPICS  col¬ 
laboration. 

The  important  aspect  of  the  choice  is  to  understand  that  a 
choice  is  being  made  and  there  are  advantages  and  disadvan¬ 
tages  to  each  choice.  Equally  important  is  to  defer  making  any 
component  or  personnel  decisions  until  the  overall  strategy  is 
decided.  If  one  starts  by  hiring  systems  programmers,  one  has 
already  eliminated  some  choices.  Equally,  computer,  operat¬ 
ing  system  and  I/O  subsystem  decisions  will  restrict  the 
choices  for  the  most  expensive  and  risk-prone  component  of 
the  control  system,  the  software. 
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Control  System  Architecture:  The  Standard  and  Non-Standard  Models* 

M.  E.  Thuot,  L.  R.  Dalesio,  Los  Alamos  National  Laboratory 


Abstract 

Control  system  architecture  development  has 
followed  the  advances  in  computer  technology 
through  mainframes  to  minicomputers  to  micros 
and  workstations.  This  technology  advance  and 
increasingly  challenging  accelerator  data 
acquisition  and  automation  requirements  have 
driven  control  system  architecture  development. 
In  summarizing  the  progress  of  control  system 
architecture  at  the  last  International  Conference 
on  Accelerator  and  Large  Experimental  Physics 
Control  Systems  (ICALEPCS)  B.  Kuiper  asserted 
that  the  system  architecture  issue  was  resolved 
and  presented  a  “standard  model”.!  1J  The 
“standard  model”  consists  of  a  local  area  network 
(Ethernet  or  FDDI)  providing  communication 
between  front  end  microcomputers,  connected  to 
the  accelerator,  and  workstations,  providing  the 
operator  interface  and  computational  support. 
Although  this  model  represents  many  present 
designs,  there  are  exceptions  including  reflected 
memory  and  hierarchical  architectures  driven  by 
requirements  for  widely  dispersed,  large  channel 
count  or  tightly  coupled  systems.  This  paper 
describes  the  performance  characteristics  and 
features  of  the  “standard  model”  to  determine  if 
the  requirements  of  “non-standard”  architectures 
can  be  met.  Several  possible  extensions  to  the 
“standard  model”  are  suggested  including 
software  as  well  as  the  hardware  architectural 
features. 

I.  INTRODUCTION 

Advances  in  computer  technology,  changes  in  the 
computer  marketplace,  and  demanding  control 
requirements  [2]  have  motivated  control  system 
architecture  development.  The  reduction  in 
prices  of  powerful,  user-friendly,  networkable 
workstations  coupled  with  the  ever  increasing  cost 
and  complexity  of  software  stimulated  new 
designs  with  a  philosophy  of  control  system 
evolution  rather  than  totally  new  design,  even  on 
entirely  new  faci!ities(3].  This  evolutionary  design 
philosophy  includes  standardized  structures 

*Los  Alamos  National  Laboratory  is  operated  by  the 
University  of  California  under  contract 
W-7405-ENC-36  for  the  U.  S.  Dept,  of  Energy. 


and  the  use  of  open  software  standards  to  provide 
much  greater  flexibility  to  expand  the  size  and 
automation  of  a  system,  to  accommodate  new 
high  performance  platforms,  to  reuse  software 
developed  previously,  and  to  share  software 
developed  by  other  laboratories  and  industry. 
“The  recent  and  continuing  efforts  of 
standardization  at  all  levels  on  protocols  and 
other  interfacing  conventions  means  that  the 
plugged  in  equipment  and  other  gadgets  may  be 
exchanged  for  newer  versions,  using  entirely 
different  internal  technologies,  which  may  then 
increase  performance”  (1]  or  functionality  of  the 
entire  control  system.  These  changes  have  driven 
the  designers  of  computer  control  systems  toward 
a  standardized  modular  architecture. 

II.  THE  STANDARD  MODEL 

The  standard  model  employs  a 
workstation/personal  computer  as  the  operator 
station,  a  local  area  network  for  data 
communications  and  front  end  micro-computers 
connected  to  the  accelerator  through  signal 
conditioning  and/or  remote  input/output 
interfaces.  In  a  recent  literature  review,  over 
three  dozen  systems  world-wide  were  identified 
as  employing  this  standard  architectural  model. 


Figure  1.  Three  basic  components  of  the  standard 
model:  the  operator  interface,  data 

communication,  and  the  front-end  computers. 

The  operator  interface  provides  the  operator  with 
a  current  view  of  the  control  process,  historical 
data,  alarm  information,  and  a  number  of  physics 
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models  to  help  maintain  and  predict  the  operation 
of  the  machine.  The  communication  layer 
provides  data  transport  between  the  distributed 
front-end  computers  and  between  the  front  end 
and  the  operators.  The  front-end  computers 
provide  distributed  intelligence  for  data 
acquisition,  data  conversion,  supervisory  control, 
interlock  enforcement,  closed-loop  control  and 
sequential  control. 

III.  OPERATOR  INTERFACE  FACTORS 

The  most  important  factors  in  selecting  an 
operator  interface  are:  performance, 

user-friendly  interface,  cost  to  configure  and 
maintain  displays.  To  monitor  a  process.  10  Hz 
updates  to  the  operator  offer  feedback  in 
real-time  (human  perception).  Responses  at  less 
than  10Hz  may  be  acceptable  in  many  cases. 
Feedback  to  an  operator  action  should  also  occur 
within  100  milliseconds  to  give  the  operator  an 
immediate  feedback  that  the  action  has  occurred. 
Most  modern  operating  systems  (UNIX,  VMS, 
etc.)  on  moderate  performance  workstations  can 
provide  an  off-the-shelf  platform  that  supports 
this  level  of  performance.  Slower  system  response 
could  result  in  the  operator  giving  multiple 
commands  to  take  the  same  action,  not  to 
mention  operator  frustration.  To  take  full 
advantage  of  a  windowing  environment ,  display 
call-up  needs  to  occur  quickly,  less  than  100 
milliseconds  is  optimal,  up  to  four  seconds  may  be 
acceptable.  When  the  delay  is  too  long,  the 
operator  will  resort  to  multiple  dedicated 
displays.  This  will  increase  the  system  cost  and 
overhead.  The  workstations  may  also  support 
physics  modeling  codes  that  provide  higher  level 
data  analysis  and  interpretation.  These  codes  may 
take  many  seconds  to  run.  The  operator  station 
needs  to  have  adequate  computational 
performance  to  provide  the  operator  with 
adequate  response  from  physics  modeling  codes 
-  ideally  in  under  four  seconds. 

Consistency  in  the  operator  interface  is  required 
to  reduce  the  number  of  interactions  the  operator 
needs  to  learn  to  monitor  and  control  the  many 
diverse  processes.  This  can  be  done  by  minimizing 
the  number  of  interactions  available,  by 
standardizing  the  meaning  of  symbols  and  colors 
and  by  consistent  display  layout. 

Display  configuration  and  maintenance  cost  is 
based  primarily  on  the  quality  of  the  tools 


provided  to  create  the  operator  interface  displays. 
An  interactive  display  builder  will  provide  the 
quickest  creation  and  modification  of  displays 
with  the  highest  reliability  as  it  will  only  entail 
interactive  editing  of  graphical  objects.  Hard 
coded  displays  will  take  the  longest  to  create  with 
the  highest  cost  as  they  will  require  editing, 
compilation,  debugging  and  activation  to  verify 
position,  color,  and  shape,  and  function. 

IV.  DATA  COMMUNICATION  FACTORS 

The  communication  layer  has  several  features  of 
importance:  reliability,  throughput,  cost,  and 
connectivity.  The  most  widely  used 
communication  media  is  802.3  standard  Ethernet 
using  TCP/IP.  It  provides  a  data  communication 
rate  of  approximately  350K  bytes  per  second  per 
subnet.  (35%  utilization  of  a  10  Mbit  media  to 
reduce  the  collision  rate).  Throughput  per  node 
can  be  enhanced  through  the  use  of  routers  and 
bridges  to  isolate  traffic  on  any  subnet.  The  cost 
for  an  Ethernet  communication  interface  is  less 
than  $500  per  node  and  in  many  cases  interfaces 
are  included  on  the  front  end  controller  CPU 
board.  Higher  bandwidth  network  technology 
like  FDDI  is  also  available.  Using  TCP/IP,  FDDI 
has  an  approximate  8  Mbyte  throughput  (80%  of 
the  100  Mbit  media;  token  ring  does  not  need  a 
collision  margin).  The  cost  per  node  is 
approximately  $5,000.  It  is  possible  to  mix  FDDI 
and  Ethernet  using  commercial  bridges  and 
routers.  Efficient  protocols,  intelligent  buffering, 
blocked  message  construction,  and  data 
compression  can  also  help  reduce  the 
communication  utilization.  Buffering  must  not 
however,  introduce  excessive  latency  for  operator 
notification  (100  milliseconds  or  more). 

The  physical  layer  is  only  one  aspect  of 
network/system  performance;  there  is  also  the  use 
of  a  communication  layer.  The  communication 
layer  provides  a  means  to  isolate  the  various 
functional  modules  of  an  application,  for 
example,  isolating  details  of  the  data  acquisition 
function  from  the  data  archiving  function.  If  there 
is  no  imbedded  knowledge  of  the  location  of  some 
piece  of  data,  system  growth  or  re-configuration 
will  only  impact  the  portion  of  the  application  that 
is  being  modified.  If  there  is  embedded 
knowledge,  a  slight  modification  could  cause  a 
perturbation  in  the  entire  control  network.  B. 
Kuiper  warned  designers  “to  take  appropriate 
measures  to  safe  guard  the  upper  part  of  the 
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control  system  from  importing  the  intricacies  and 
diversity  of  the  far  front-end”.  [  1  j 

There  are  two  primary  methods  of  moving  data 
between  nodes  of  a  network:  polling  data  into  a 
target  node  and  notification  on  change  of  state. 
Polled  updating  of  a  centralized  data  node  or 
display  is  conceptually  simple,  provides  redundant 
data  for  improved  data  security,  and  consumes  a 
lot  of  front  end  computer  cycles  and  network 
bandwidth.  Polling  requires  the  continuous 
communication  of  all  data  channels,  so  higher 
update  rates  use  more  network  bandwidth,  while 
lower  rates  increase  the  latency  between  a  change 
of  state  and  operator  notification.  Polling 
improves  the  data  security,  but  makes  acquisition 
of  beam  synchronous  data  in  a  generalized  way 
more  difficult.  Variability  in  data  latency  in  polled 
data  systems  will  have  a  deleterious  effect  on  the 
stability  of  closed  loop  control. 

In  contrast,  notification  on  change  of  state 
significantly  reduces  the  needed  communication 
bandwidth  for  discrete  (binary)  variables  and  slow 
analog  signals  with  reasonable  deadbands.  Beam 
diagnostics  data  however,  may  need  to  be  sent  on 
every  sample.  Notification  on  change  requires 
guaranteed  delivery  of  notifications,  where 
polling  may  to  some  degree,  compensate  for  a  lost 
message.  Event  driven  acquisition,  a  variant  of 
notification  of  change,  is  an  efficient  method  to 
provide  stable  closed  loop  control  data.  The  best 
system  design  will  support  both  time  driven  and 
notification  on  change  to  balance  data 
communication  efficiency  and  to  insure  data 
integrity. 

Connectivity  is  extremely  important  in  providing 
maximum  flexibility  for  control  and  monitoring. 
There  are  important  cases  where  front-end 
controllers  need  information  from  each  other  to 
provide  optimization,  closed-loop  control  and 
sequential  control.  A  lack  of  point  to  point 
connectivity  will  result  in  added  latency  for  these 
inter-computer  control  strategies  and  may  result 
in  an  inability  to  provide  needed  control. 

V.  FRONT  END  COMPUTER  FACTORS 

The  most  important  aspects  for  the  front-end 
computers  are  performance  and  ease  of 
configuration.  Single  board  computers  running  a 
real-time  operating  system  provide  a  high 
performance,  general  use  environment.  In  a 


physical  memory  mapped  environment,  no 
operating  system  overhead  will  be  added  for 
paging  or  swapping  virtual  memory.  Response  to 
outside  stimuli  can  occur  in  less  than  five 
microseconds  when  action  can  be  provided  in  an 
interrupt  routine  and  about  thirty  microseconds 
when  a  context  switch  is  required.  The  use  of  a 
configuration  database  or  class  library  can 
provide  an  easy  to  configure  and  more  reliable 
application  since  the  base  software  for  all 
front-end  controllers  is  identical  For  example,  in 
the  EPICS  control  system  software  being 
produced  by  a  collaboration  of  Los  Alamos, 
Argonne,  Lawrence  Berkeley  and 
Superconducting  Super  Collider  Laboratory,  [5] 
processing  an  input  has  been  timed  at  about  80 
microseconds  per  signal  (read,  convert,  check  for 
alarms,  notification  on  change  of  state).  It  is  easy 
to  achieve  10  Hz  closed  loop  operation  of 
hundreds  of  control  loops  in  the  EPICS  operating 
environment.  100  Hz  operation  of  10s  of  control 
loops  is  also  possible.  Kilohertz  bandwidth  closed 
loop  control  using  DSPs  and  MHz  operation  using 
wide  bandwidth  hardware  feedback  is  also 
possible  using  a  VME/VXI  front  end  controller 
backplane  to  monitor  and  control  setpoints  at 
slower  rates.  The  ability  to  reduce  data  in  the 
front-end  controllers  allows  the  system 
computational  requirements  to  be  distributed 
over  many  front-end  computers.  Moving  the  data 
conversions,  closed-loop  control,  interlocks  and 
sequential  control  closest  to  the  physical  I/O 
provides  the  highest  performance  possible.  It  also 
improves  reliability  by  reducing  the  number  of 
control  system  components  required  to  maintain 
control  in  any  local  area. 

Signal  conditioning  and  field  instrumentation 
must  be  selected  for  performance,  cost,  and 
reliability.  There  is  a  wide  variety  of  field 
instrumentation  techniques  available.  Using  the 
backplane  of  the  front  end  computer  for 
communication  to  the  field  instrumentation 
provides  the  highest  throughput.  This  is  very 
useful  for  high  repetition  rate  and  short  latency 
responses  like  those  required  for  beam 
instrumentation.  There  are  also  a  variety  of 
commercial  field  buses  that  provide  wider 
distribution  of  the  I/O,  better  environmental 
tolerance,  and  short  instrumentation  cable  runs, 
industrial  buses  can  also  provide  I/O  redundancy, 
hot  swap,  and  convenient  field  cable  connections. 
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This  significantly  reduces  installation  and 
maintenance  cost  and  down  time. 

It  is  worth  mentioning  the  need  to  correlate  data 
taken  in  an  accelerator.  Three  system  design 
approaches  are:  distribute  the  data  acquisition 
and  provide  a  correlation  identifier,  e.g.,  a  time 
stamp,  control  the  data  collection  rate  by 
triggering  data  acquisition  system  wide,  or  collect 
all  of  the  data  at  a  single  point.  In  the  case  where 
the  data  is  identified  with  a  time  stamp  as 
belonging  to  a  unique  event,  data  collection  can 
run  at  the  rate  of  the  data  source  event.  In  the  case 
where  the  data  is  taken  in  complete  synchronous 
sets  at  one  time,  the  data  acquisition  is 
synchronous  in  the  entire  system  and  therefore 
can  only  be  gathered  at  a  rate  limited  by  the 
availability  of  a  complete  data  set.  Finally,  in  the 
case  where  the  data  is  collected  to  a  single  node, 
the  limiting  factor  is  predominantly  the  transfer 
and  processing  rate  in  that  node  and  a  further 
limitation  is  that  all  data  in  the  synchronous  set 
must  be  connected  to  that  node. 

VI.  NON-STANDARD  MODELS 

There  are  a  number  of  system  design  problems 
that  are  not  optimally  addressed  by  the  standard 
model  as  defined  above.  Many  of  these  issues  can 
be  addressed  as  extensions  to  the  standard  model 
however.  Three  will  be  addressed  as  examples  of 
the  flexibility  of  this  basic  architecture:  large  area 
and  high  signal  count  systems,  requirements  for 
fast  global  data  access,  and  the  distribution  of 
control  system  data  to  a  large  multiple  node  user 
community. 

The  SSC  has  an  estimated  445,000  signals 
distributed  over  a  fifty  mile  ring.  There  will  be  five 
machines  separated  into  fifteen  sectors:  linac  (1), 
low  energy  booster(l),  medium  energy 
booster(l),  high  energy  booster(2)  and  collider 
ring(10),  where  each  sector  must  be  capable  of 
independent  operation.  Reliability,  performance, 
and  cost  are  major  issues.  The  control  system 
availability  must  exceed  99.3%  to  meet 
operational  goals.  To  meet  stringent  reliability 
and  wide  area  requirements  telephone 
communication  network  technology  was  selected 
to  provide  each  front  end  computer  with 
communication  links.[6]  As  with  the  more 
common  Ethernet  LAN,  this  wide  area  network 
provides  point  to  point  capability  between 


front-end  computers  within  a  sector  as  well  as  the 
ability  to  configure  a  direct  connection  to  any 
other  sector.  All  of  the  front-end  computers  are 
connected  to  a  high  speed  router  in  the  sector  and 
a  high  speed  router  in  the  main  control  room 
through  a  155  Mbps  OC3  communication  link. 
This  maintains  the  original  standard  model  node 
concept  of  point-to-point  communication  and 
uses  routers  for  sub-net  isolation.  It  replaces  the 
Ethernet  and  FDDI  technology  typical  of  the 
standard  model,  with  broad  bandwide  area  high 
reliability  telecommunications  gear.  An  extra 
level  of  flexibility  is  also  provided  since  at  each 
controller  node  multiple  T1  (1.54  Mbps)  channels 
may  be  allocated  for  data  intensive  functions,  like 
archiving. 
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Figure  2  -  SSC  Architecture  with  additions  to  the 
standard  model. 


The  global  control  beam  steering  problem  at  APS 
requires  collecting  beam  position  (BPM)  data  and 
providing  feedback  control  at  4Khz.  This 
performance  issue  is  addressed  by  using  an 
additional  data  communication  path  in  a  reflected 
memory  scheme  to  each  of  20  VME  BPM 
controllers  to  provide  position  readback  for  all 
BPMs  to  all  20  controllers  within  50 
microseconds.[7]  A  correction  is  formulated  by 
individual  digital  signal  processors  that  solve  the 
correction  matrix  for  magnet  control.  The 
additional  communication  bus  overlays  the 
standard  model  control  network  that  provides 
general  monitoring  and  supervisory  control. 
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Figure  3  -  APS  Architecture  with  Global  Data 
Path 

With  many  user  facilities,  there  is  a  need  to  send 
status  information  to  a  large  number  of  users.  In 
the  standard  model  systems,  this  would  place  a 
high  burden  on  the  front-end  computers  for 
duplicating  information  to  non-critical  locations. 
With  the  addition  of  a  data  gateway,  a  minimal 
load  is  added  to  the  standard  model  control 
network,  while  providing  isolation  for  the  control 
network  from  the  user  demand  for  data.  There  is 
an  additional  latency  added  to  this  data,  a  possible 
throughput  bottleneck,  and  the  potential  for  a 
single  point  of  failure.  If  this  function  was  part  of 
the  machine  control,  these  three  limitations  would 
be  of  paramount  importance.  However,  for 
providing  status  monitoring,  these  limitations  are 
not  critical. 

VII.  CONCLUSION 

The  standard  model  architecture  has  been  used 
very  successfully  on  dozens  of  distributed  control 
systems  with  thousands  of  data  channels.  It 
provides  performance,  flexibility  and  cost  benefits 
when  implemented  with  present  workstation, 
LAN  and  VME/VXI  microprocessor  technology. 
Standardization  of  network  protocols  (TCP/IP), 
open  software  standards,  communication  layer 
protocols,  [4]  workstation  operating  systems,  and 
POSIX  compliant  real-time  operating  systems 
provide  the  ability  to  expand  the  size  and 
automation  of  a  system  as  requirements  change, 
the  ability  to  accommodate  new  high  performance 
platforms  as  technology  advances  and  most 
importantly,  to  share  and  re-use  software. 


The  standard  model  has  demonstrated  an  ability 
to  meet  demanding  requirements  by 
accommodating  overlays  of  alternate  technology 
while  leaving  the  basic  structure  and  function 
unchanged.  This  ability  to  adapt  gives  the 
software  designer  some  level  of  assurance  that 
programs  designed  for  a  local  application  may 
indeed  find  extensive  use  at  other  facilities  using 
standard  model  architectures. 
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Abstract 

The  ADVANCED  LIGHT  SOURCE  (ALS)  control 
system  is  quite  unconventional  in  its  design  and 
implementation.  This  paper  will  discuss  the  system  design 
considerations,  the  actual  implementation,  hardware  and 
software  costs,  and  the  measured  performance  across  all 
layers  of  the  system. 

I.  INTRODUCTION 

Three  interrelated  factors  continue  to  drive  accelerator 
control  system  design.  The  first  is  the  ongoing  evolution  of 
semiconductor  technology  leading  to  rapid  improvements 
both  in  speed  as  well  as  density  of  processors  and  support 
circuitry.  The  second  is  the  ubiquitous  presence  of  the 
personal  computer  (PC),  the  third  is  the  revolution  in 
software  due  to  the  large  installed  base  of  PC-s. 

[1]  As  silicon  systems  continue  to  shrink  in  size  and 
increase  in  speed  and  complexity,  concepts  that  would 
have  been  prohibitive  a  few  years  ago  are  quite  feasible 
now.  A  device  controller  that  might  have  taken  a  half  a 
rack  in  the  1960-s,  a  large  chassis  in  the  1970-s,  a  VME  or 
Multibus  crate  in  the  1980-s  can  now  be  handled  by  a 
single  3U  high  Eurocard.  This  allows  us  to  consider,  once 
again,  the  viability  of  building,  rather  than  buying,  device 
control  hardware. 

[2]  On  the  computer  front,  the  downsizing  of 
mainframes,  minicomputers  and  workstations  continues. 
While  this  downsizing  has  resulted  in  PC-s  becoming  a 
commodity  item,  it  also  has  led  to  increased  competition 
among  manufacturers.  Only  the  most  efficient,  large 
volume  producers  and  those  capable  of  extremely  fast 
design  cycles  (to  keep  up  with  the  rapid  changes  in 
processor  technology)  are  able  to  survive  due  to  the  large 
investments  required  for  R/D  and  fabrication  facilities. 

[3]  A  similar  trend  is  now  developing  in  software. 
Software  is  Finally  entering  the  phase  where  proprietary  and 
expensive  operating  systems  and  large  custom  programs 
will  not  be  viable.  Very  large  volume  sales  will  be  required 
in  order  to  sell  software  for  low  prices  and  at  the  same  time 
afford  the  cost  of  development,  (i.e.  database  prices  that 
used  to  be  >  $1000  are  now  in  the  $100-s  range). 

I  felt  these  three  items  were  far  more  important  than  the 
peripheral  issues  (such  as  the  8086  vs.  68000,  RISC  vs. 
CISC,  or  minicomputer  vs.  PC)  that  dominated  when  we 
began  construction.  Therefore,  in  doing  system  design, 
after  assessing  the  functional  and  performance  requirements 
of  the  ALS  (taking  into  account  budgets  and  schedules),  I 
tried  to  anticipate  the  impact  of  the  three  items  above  on 
the  control  system.  This  is  particularly  important  on  the 
software  side,  since  an  increasing  fraction  of  control  system 
costs  and  manpower  goes  toward  software,  often  leading  to 
cost  over-runs  and  excessive  staffing  requirements. 

♦This  work  was  supported  by  the  Director,  Office  of  Energy 
Research,  Office  of  Basic  Energy  Sciences,  Materials  Sciences  Di¬ 
vision,  of  the  U.S.DOE,  under  Contract  No.  DE-AC03-76SF00098. 


The  resultant  system  architecture  is  shown  in  fig.  1; 
detailed  description  of  system  functionality  and 
implementation  is  documented  in  refs.  1,  2  and  3.  The 
device  control  level  (layer  1)  controls  the  accelerator 
devices  while  layers  2  and  3  connect  device  control  and  the 
operator  interface  (layer  4).  Layer  5  is  for  the  networking 
and  development  resources. 


Advanced  light  Source  Control  System 


Accelerator  Hardware  Accelerator  Hardware 


Figure  1.  ALS  Control  System  Architecture 

II.  SYSTEM  ARCHITECTURE 

A.  Distributed  Device  Control  (Layer  1). 

The  conventional  ("bus"  based)  approaches  to  the 
device  control  problem  was  either  to  have  a  VME/Multibus 
chassis  to  which  the  signal  cables  are  dragged  from  a  large 
number  of  devices,  or  to  have  STD/Gespac  crates  (connect¬ 
ing  to  a  few  devices)  communicating  with  VME/Multibus 
systems.  I  chose  an  approach  which  has  the  benefits  of  the 
STD/Gespac  without  the  need  for  VME/Multibus;  the  result 
is  the  Intelligent  Local  Controller  (ILC,  see  fig.  2). 
Designed  at  LBL  (  manufactured  by  outside  vendors)  it  is 
an  evolutionary  step  toward  the  single  chip  (or  at  least  a 
few  chip)  solution.  Such  a  custom  controller  was 
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economically  feasible  only  if  we  could  find  a  significant 
commonalty  among  the  control  requirements  of  the 
accelerator  devices  (power  supplies.  Beam  position 
monitors  (BPM),  vacuum  devices,  oscilloscopes,  etc.)  so 
that  ILC-s  could  be  h  it  in  volume  and  thereby  recover  the 
development  costs.  At  the  same  time  I  wanted  functional 
advantages  that  would  result  in  overall  reduction  in 
system/rr  intenanc  costs  over  the  alternate  "bus"  based 
solutions.  These  advantages  are:  reduced  cabling  (a  costly 
item)  leading  to  a  cleaner  installation  (fewer  trays,  less 
wiring  to  document),  device  control  isolation  and  local 
control  (since  one  ILC  is  responsible  for  one  device,  failure 
analysis  is  simple),  control  built  into  devices  (smart 
instruments  such  as  a  BPM),  and  flexibility  in 
device/controller  placement.  The  ILC-s  also  eliminate  the 
need  for  multi-card  systems  (and  their  noise  sensitive 
digital  buses)  while  providing  better  analog  signal  handling 
(lower  noise)  by  allowing  placement  next  to  or  in  the 
device  to  be  controlled.  Power  consumption  is  a  mere  four 
watts,  resulting  in  reduced  chassis  power  and  cooling 
requirements,  and  sufficient  computer  power  is  built  into 
the  ILC  so  it  meets  the  performance  requirement  of  any 
device  it  controls. 


Figure  2.  ILC 


Two  generations  of  ILC-s  were  built  (175  of  version  I, 
500  of  version  II),  with  respective  costs  of  $650  and  $1000. 
The  added  cost  of  version  II  is  due  to  the  resolution 
(nominally  16  bit)  of  the  A/D  converters,  larger  memory 
size  and  higher  performance.  Currently  400  ILC-s  operate 
the  accelerator;  at  full  system  implementation  500-600  ILC- 
s  will  be  in  use. 

B.  Communications  (Layers  2,3). 

When  we  began  construction,  the  communication  part 
of  most  control  systems  was  handled  by  a  few  Token  Ring 
or  Ethernet  based  links.  I  chose  a  "star"  type  "shared 
memory"  (the  CMM,  see  figs.  1,3)  approach  to  allow  many 
parallel  links  to  feed  a  centralized  memory  where  data  from 
many  devices  can  be  accessed  quickly  using  a  parallel  bus. 
This  type  of  "shared  memory"  system  has  the  advantage 
that  it  can  behave  as  a  "router"  (star-like  routers  are  now 
coming  into  vogue  for  increased  communications 
bandwidth)  but  in  addition  allows  data  to  be  "cached"  for 
multiple  access  by  a  number  of  users  without  continually 
requesting  data  on  the  bandwidth  limited  links.  Accelerator 
control  systems  are  well  suited  to  a  "shared  memory" 
architecture  since  data  access  is  inherently  asymmetric,  i.e. 
for  normal  operation  many  devices  need  to  be  monitored  by 


numerous  users  (increasingly  by  people  in  their  offices),  but 
few  devices  are  allowed  to  be  controlled  . 


Figure  3.  CMM,  DMM-S,  and  Fiber  Optic  Links 


Each  of  our  currently  installed  41  links  runs  at  2 
Mbits/sec,  for  a  total  communications  bandwidth  of  82 
Mbits/sec.  The  CMM  has  7  CPU-s  to  support  the  links, 
with  an  expansion  capability  for  up  to  II  CPU-s  to  support 
88  links.  About  1400  data  (average  of  80  bytes) 
packets/sec  are  transmitted  on  each  link.  This  amounts  to 
an  n-  .ge  of  about  15  updates/sec  of  the  active  part  of  the 
entire  accelerator  database.  The  need  for  these  high 
performance  links  is  driven  by  the  nature  of  distributed 
device  control  that  de-emphasizes  processor  bandwidth  with 
a  concomitant  increase  in  communications  requirements.  A 
control  loop  that  used  to  be  contained  in  a  single  chassis 
(ViviE  or  Multibus)  now  may  be  spread  over  a  dozen  device 
controllers;  therefore  the  problems  of  feedback  loops 
migrate  from  being  a  CPU  performance  issue  (in  a  bus 
based  system)  to  a  communications  issue  among  distributed 
device  controllers. 

The  high  communications  bandwidth  ensures  that  we 
meet  the  performance  and  deterministic  response 
requirements  of  the  feedback  loops.  Determinism  ...eans 
that  data  access  is  strictly  a  function  of  the  number  of  links, 
devices  on  a  link  and  the  packets/sec/link  and  not 
dependent  on  user  driven  (i.e.  what  is  being  displayed  on  a 
console)  system  load.  The  need  for  determinism  also  led  to 
a  communications  system  that,  rather  than  being  message 
driven  (conventional  approach)  is  instead  controlled  by 
data  update  needs  thu*  are  prioritized  at  the  device  (i.e. 
ILC)  level.  Since  communications  is  often  the  limiting 
factor  with  many  commercial  devices  (i.e.  IEEE-488  link  to 
a  scope,  or  RS-232  link  to  a  stepper  motor),  we  want  to 
limit  data  traffic  to  those  devices,  especially  if  multiple 
users  want  (often  simultaneously)  the  same  data. 

For  very  fast  data  transfer,  ILC-s  can  additionally 
communicate  with  each  other  directly  up  to  about  2000Hz. 
This  should  be  sufficient  for  the  fast  feedback  loops  that  are 
expected  to  require  a  rate  of  about  200  Hz. 

The  DMM-s  (see  figs.  1,3),  which  access  the  shared 
memory,  can  act  as  a  database,  task  or  “permissioT'  server 
for  the  operator  stations.  The  DMM-s,  using  the  "shared 
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memory"  deterministic  behavior  of  the  CMM,  can  also  act 
as  a  timing  synchronization  system.  Since  all  the  data 
arrives  and  leaves  from  one  central  location,  it  is  possible 
to  software  synchronize  the  ILC-s  without  resorting  to 
hardware  timing  signals.  For  the  ALS  a  clocking  system  of 
50  Hz  could  be  done  entirely  in  software,  saving  additional 
cost  by  eliminating  the  need  for  a  hardware  based  timing 
and  event  tagging  system.  We  used  a  software  event 
tagging  system,  combined  with  a  simple  hardware  interrupt 
distribution,  to  synchronize  data  access  to  96  BPM-s  from 
the  operator  station  (PC-s).  Such  synchronization  could  be 
even  faster  if  the  software  was  executed  in  the  DMM-s, 
where  access  to  the  data  is  at  MULTIBUS  bandwidth 
speeds. 

C.  Human  Interface  and  Network.  (Layers  4,5) 

At  the  time  of  conceptual  design,  the  most  con¬ 
troversial  part  of  the  control  system  was  the  use  of  PC-s  as 
the  operator  station  (see  fig.  1). 

However,  with  the  huge  numbers  of  PC-s  installed 
world  wide  (>  150  million)  and  the  success  of  WINDOWS 
(30  million  copies,  and  growing  at  the  rate  of  1 
million/month),  my  prediction  has  paid  off.  With  the 
imminent  arrival  of  WINDOWS  NT  even  large  modeling 
applications  can  be  accommodated.  All  of  our  current  16 
bit  applications  already  run  unmodified  on  a  beta  version  of 
WINDOWS  NT  (after  writing  a  hardware  interface 
Dynamic  Link  Library)  with  no  change  in  the  look  and  feel 
of  the  operating  environment.  The  ubiquitous  presence  of 
WINDOWS  has  resulted  in  a  rapidly  exploding  field  of 
development  tools  (Visual  Basic,  Turbo  Pascal  for 
Windows,  Visual  C++,  Toolbook,  etc.)  in  addition  to  a 
large  number  of  commercial  applications  (Designer,  Excel, 
Word  for  Windows,  Access,  etc.).  With  the  large  sales 
volumes  involved,  prices  of  this  software  is  rapidly 
declining  (approaching  commodity  pricing)  while  features 
(Object  Linking  and  Embedding  [OLE],  multimedia  support 
etc.)  and  ease  of  use  increases.  This  has  resulted  in  a 
system  to  which  many  different  individuals  could  contri¬ 
bute,  depending  on  the  level  of  their  programming  experi¬ 
ence,  thereby  breaking  the  stranglehold  imposed  by  systems 
that  require  "professional"  programmers  exclusively. 

We  use  two  dedicated  links  (identical  in  hardware  to 
the  CMM  to  ILC  link)  from  each  PC  to  communicate  with 
a  matching  CPU  in  the  DMM.;  we  achieve  1250  database 
accesses/sec  for  each  PC.  This  currently  is  limited  by 
processor  speeds  in  the  PC  and  the  DMM;  the  link 
bandwidth  will  limit  us  to  a  maximum  of  3000 
accesses/sec/link.  The  15  PC-s  currently  in  use  allow  an 
aggregate  of  about  18,000  accesses/sec;  however  this  is 
still  a  small  fraction  of  the  bus  bandwidth  that  the 
CMM/DMM  have  available.  When  the  Storage  Ring  was 
brought  on  line  no  degradation  occurred  in  the  data  access 
to  the  existing  parts  of  the  accelerator.  The  PC-s  can  be 
upgraded  to  "PENTIUM"  based  systems  thereby  giving 
workstation  ("RISC")  like  performance  to  the  operator 
stations  and  even  higher  data  access  rates. 

A  conventional  Ethernet  interface  (layer  5)  allows  the 
PC-s  to  communicate  with  a  file  server,  workstations  and 
other  networked  computers.  We  have  provided  for  Remote 
Procedure  Call  based  access  to  the  database  by  UNIX 
based  workstations  (SUN,  NEXT,  IBM  RS  6000).  We  note 


that  recently  many  UNIX  (and  even  Mac)  based 
manufacturers  are  porting  their  operating  systems  to  PC-s, 
as  well  as  trying  to  provide  WINDOWS  compatible 
emulators,  but  with  the  arrival  of  Windows  NT  on  the  PC-s, 
workstations  will  not  be  required  (they  were  needed  for  the 
large  modeling  applications  that  were  too  large  for 
WINDOWS). 

III.  SCHEDULE,  COST,  STAFFING  AND 
FUTURE  OPTIONS 

Over  a  period  of  4.5  years  $4.8  million  (estimated 
escalated  cost  at  beginning  of  construction  was  about  $5.3 
million)  was  spent  on  the  control  system.  Of  this  cost,  about 
35%  was  for  hardware,  the  remainder  went  for  manpower 
(primarily  software  development)  costs.  An  average  of  5 
people  were  required  during  the  construction  period;  this 
includes  software,  coordination  and  management.  The 
control  system  was  on  schedule  and  at  no  time  delayed 
commissioning  in  any  significant  way,  and  can  be 
maintained  (due  to  its  modularity)  and  software  improve¬ 
ments  added  (for  the  currently  needed  functionality  of  the 
ALS)  with  a  minimal  staffing  requirement  of  about  2  FTE-s. 

The  specifications,  set  out  at  the  beginning  of 
construction,  have  been  exceeded  in  every  category.  The 
ILC-s  are  faster,  more  accurate  and  consume  less  power 
than  anticipated;  the  CMM  can  handle  more  CPU-s  and 
links.  More  DMM-s  are  in  use  than  promised,  and  the  PC 
front  ends  are  more  powerful  and  versatile. 

Future  improvements  could  complete  the  transference 
of  WINDOWS  based  applications  to  WINDOWS  NT,  use 
network  Dynamic  Data  Exchange  to  integrate  application 
behavior  among  the  many  PC-s,  and  use  OLE  to  allow  an 
object  based  approach  to  application  use  and  interaction. 
When  Futurebus+  based  systems  become  readily  available, 
one  could  consider  using  them  to  replace  the  DMM/CMM. 
The  use  of  an  ATM  or  SONET  based  fiber  optic  system  for 
the  serial  communications  would  allow  replacement  of  the 
many  parallel  links  with  a  single  cable. 
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Abstract 

This  paper  describes  the  Beam  Position  Monitor  (BPM) 
data  acquisition  scheme  for  the  Advanced  Photon  Source 
(APS)  storage  ring.  The  storage  ring  contains  360  beam  posi¬ 
tion  monitors  distributed  around  its  1 104-meter  circumference. 
The  beam  position  monitor  data  acquisition  system  is  capable 
of  making  turn-by-turn  measurements  of  all  BPMs 
simultaneously.  It  is  VXI-based  with  each  VXI  crate  containing 
the  electronics  for  9  BPMs.  The  VXI  Local  Bus  is  used  to  pro¬ 
vide  sustained  data  transfer  rates  of  up  to  13  mega-transfers  per 
second  to  a  scanner  module.  The  system  provides  single-bunch 
tracking,  bunch-to-bunch  measurements,  fast  digital-averaged 
positions,  beam  position  history  buffering,  and  synchronized 
multi-turn  measurements.  Data  is  accessible  to  the  control  sys¬ 
tem  VME  crates  via  an  MXI  bus.  Dedicated  high-speed  ports 
are  provided  to  supply  position  data  to  beam  orbit  feedback 
systems. 

I.  INTRODUCTION 

The  BPM  data  acquisition  system  requirements  are: 

1.  Measure  beam  position  both  during  injection  at  2  Hz 
and  during  closed  orbit. 

2.  Provide  single  bunch  tracking  around  the  ring. 

3.  Measure  position  of  different  bunches  at  each  BPM 
tum-to-tum. 


4.  Measure  position  at  each  BPM  on  each  turn  ( 3.6  mi¬ 
croseconds  for  the  storage  ring). 

5.  Provide  averaged  beam  position  for  higher  accuracy. 

6.  Provide  a  beam  history  for  each  BPM . 

Major  design  goals  included: 

1.  Minimize  front  panel  connections  by  using  available 
VXI  backplane  lines. 

2.  Design  the  system  so  that  BPM  data  acquisition  will 
operate  autonomously  upon  power  on  with  no  set¬ 
up/intervention  by  the  control  system. 

Figure  1  shows  one  of  20  storage  ring  control  nodes.  Each 
node  contains  the  control  and  BPM  electronics  for  two  storage 
ring  sectors.  The  nodes  are  interconnected  via  the  controls  local 
area  network  (LAN)  and  a  high-speed  fiber  optic  ring.  The 
BPM  electronics  are  contained  in  two  VXI  crates  with  each 
crate  containing  the  BPM  signal  processing  electronics  for  a 
sector.  An  MXI  bus  connects  the  controls  VME  crate  to  the 
BPM  VXI  crates  and  a  VME  orbit  feedback  crate.  The  control 
system  can  set  the  data  acquisition  mode  of  each  BPM  and 
read,  on  demand,  beam  intensity  and  averaged  or  raw  beam 
position. 

II.  METHOD 

Figure  2  is  a  block  diagram  of  a  BPM  VXI  crate.  The 
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VME  bus  lines  have  been  omitted  for  clarity.  The  12  VXI  Lo¬ 
cal  Bus  lines  are  daisy  chained  through  each  BPM  module 
(SCDU  -  Signal  Conditioning  and  Digitizing  Unit)  and  termi¬ 
nated  at  each  end  to  form  a  12-bit  data  bus.  The  eight  VXI  bus 
TTL  Trigger  lines  are  used  for  control,  status,  and  BPM  module 
readout  select. 

The  Memory/Scanner  module  sequentially  selects  each 
BPM  module  at  a  fixed  scanning  rate  sufficient  to  ensure  that 


indicated  by  the  Status/X/Y  line)  on  the  rising  edge.  The  Sum¬ 
mary  Status  is  the  OR  of  BPM  module  error  status  bits.  The 
BPM  Select,  Data  Strobe,  New  Data,  and  Status/X/Y  signals 
are  located  on  the  VXI  TTL  Trigger  lines.  Our  measurements 
indicate  that  greater  than  13  Mtransfers  per  second  are  achiev¬ 
able  using  backplane  transceiver  logic  (BTL)  drivers  and 
receivers. 

Each  module  in  the  BPM  system  is  designed  to  default  to 


each  BPM  module  will  be  scanned  at  least  once  per  tum.  For 
the  storage  ring,  a  scanning  rate  of  13  Mtransfers  per  second 
will  access  each  BPM  three  times  per  tum.  If  an  addressed 
module  has  new  data  available,  it  sequentially  places  the  beam 
intensity  followed  by  the  position  on  the  Local  Bus  lines  and 
asserts  a  New  Data  signal  to  indicate  the  presence  of  data.  The 
BPM  module  also  drives  an  additional  time  multiplexed  signal 
to  indicate  a  summary  module  status  and  whether  the  X  or  Y 
position  is  currently  being  transferred.  The  BPM  module  is 
capable  of  digitizing  only  the  X  or  the  Y  position  on  any  given 
tum.  The  control  system  may  set  each  BPM  to  measure  X  or  Y 
only  or  alternate  between  X  and  Y  on  successive  turns.  The 
Memory/Scanner  accepts  the  data  on  the  Local  Bus  lines  when 
New  Data  is  signalled  by  a  BPM  module. 

BPM  Select  X  bpmn-is.^  X  bpmn.zs.** 


Data  Strobe 


Data 

X  Intensity  N 

X  Position  N 

^Intensity  N  *1 

X Position  N  ♦  1 

DC~ 

X 

Status/X/Y  _ 

^Summary  Status^  X/Y  N 

^Summary  Status^  X/Y  N  *1 

Figure  3.  Data  Transfer  Over  the  Local  Bus 


Figure  3  shows  the  data  transfer  cycle  over  the  VXI  Local 
Bus.  Transfers  are  synchronous,  with  timing  controlled  by  a 
Data  Strobe  signal  driven  by  the  Memory/Scanner.  A  4-bit 
BPM  module  readout  address  is  output  by  the  Memory/Scanner 
module  on  the  positive  edge  of  the  Data  Strobe.  If  the  ad¬ 
dressed  module  has  new  data,  it  responds  by  driving  the  Data 
lines.  New  Data,  and  the  Status/X/Y  lines.  If  New  Data  is  as¬ 
serted,  the  Memory/Scanner  module  accepts  intensity  data  on 
the  falling  edge  of  Data  Strobe  and  position  (either  X  or  Y  as 


a  running  condition  on  power  up;  i.e.  on  power  up  data  collec¬ 
tion  begins  after  a  short  initialization  phase  without  interven¬ 
tion  by  the  control  system.  The  control  system  can  alter  the 
default  power  on  operation  through  the  MXI/VXI  bus. 

m.  MODULE  DESCRIPTIONS 

BPM  Module 

Each  BPM  module  [1]  provides  the  signal  conditioning 
and  analog-to-digital  conversion  for  a  4-button  BPM.  An  on¬ 
board  mono-pulse  receiver  accepts  sum  and  difference  signals 
from  a  front-end  fdter  comparator  located  at  the  button  pickups 
and  outputs  beam  intensity  and  normalized  position.  Two 
channels  of  12-bit  digitization  are  provided.  One  channel  digi¬ 
tizes  intensity  while  the  second  channel  digitizes  position.  The 
position  channel  may  be  programmed  to  digitize  X  only,  Y 
only,  or  alternate  X  and  Y  on  successive  turns.  A  digitization 
cycle  takes  approximately  900  ns. 

Each  BPM  module  accepts  a  Bunch  Select  (ARM)  signal 
and  a  button  trigger  signal.  The  Bunch  Select  signal  is  gener¬ 
ated  by  the  BPM  timing  module  and  acts  as  a  gate  for  the  button 
trigger  signal,  which  is  a  fast  trigger  derived  from  the  button 
pickups.  The  trigger  circuitry  will  run  in  a  "free  run"  mode  if 
the  ARM  signal  is  disconnected  or  held  active.  In  this  mode  the 
BPM  module  triggers  on  the  "next"  button  trigger  signal  after 
completing  a  digitization  cycle.  This  mode  will  be  used  during 
injection. 

In  addition,  a  signal  derived  from  the  button  trigger  sig¬ 
nal  is  available  on  the  front  panel  for  use  with  other  equipment. 
Memory/Scanner 

The  Memory/Scanner  controls  the  BPM  data  acquisition 
by  driving  BPM  module  select  lines  and  the  Data  Strobe.  This 
module  provides  a  programmable  box  car  averager  for  each 
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BPM  X  and  Y  position.  In  addition,  a  high  speed  fiber  optic 
port  provides  a  BPM  position  data  stream  to  the  orbit  feedback 
crate. 

At  power  up,  the  Memory/Scanner  module  sequentially 
initializes  the  readout  addresses  of  the  BPM  modules  and  be¬ 
gins  sequential  scanning. 

BPM  Timing 

The  BPM  timing  module  generates  a  bunch  select  (ARM) 
signal  for  each  of  the  BPM  modules.  The  bunch  select  signals 
are  generated  by  arbitrary  bit-pattern  generators  running  at  1 17 
MHz.  This  provides  a  time  resolution  of  8.5  ns.  Each  bit- 
pattern  generator  has  a  4-kbyte  memory  which  is  loaded  by  the 
control  system  to  select  a  bunch  pattern. 

The  timing  module  also  provides  a  "Bunch  0"  reference 
(P0)  and  a  "Resync"  signal  which  is  used  to  selectively  syn¬ 
chronize  BPM  modules. 

At  power  on  the  timing  module  forces  all  bunch  select 
signals  active.  This  causes  each  BPM  to  run  in  "free  run" 
mode. 

Beam  History 

The  Beam  History  module  provides  storage  memories  for 
each  BPM.  It  captures  data  transfers  on  the  Local  Bus  and 
stores  time-stamped  intensity  and  position  information.  The 
time  stamp  is  based  on  a  turns  counter  driven  by  the  bunch  0 
reference  from  the  BPM  timing  module.  The  32k  by  32-bit 
memories  operate  as  first-in  first-out  (FIFO)  buffers  and  are 
capable  of  storing  -50  milliseconds  of  storage  ring  BPM  data. 

Each  FIFO  may  be  operated  in  fill  and  stop  mode  or  cir¬ 
cular  mode.  The  fill  and  stop  mode  will  be  used  to  collect  data 
during  machine  experiments.  In  this  mode  the  FIFO  for  each 
participating  BPM  is  initially  cleared.  Data  collection  begins 
upon  receipt  of  the  Resync  signal  from  the  BPM  timing  module 
and  ceases  upon  FIFO  full. 

In  the  circular  mode,  each  FIFO  fills  and  then  overwrites 
the  oldest  data  point  with  new  data.  Since  the  BPM  modules 
are  triggered  by  a  beam-derived  signal,  digitizing  ceases  upon 
loss  of  beam.  The  FIFOs  therefore  will  contain  the  beam  his¬ 
tory  prior  to  beam  loss.  The  circular  mode  will  be  useful  in 
diagnosing  beam  loss  events. 

IV.  ORBIT  FEEDBACK  SYSTEMS 

As  shown  previously  in  Figure  1 ,  each  storage  ring  node 
has  a  VME  feedback  crate.  The  distributed  feedback  system 
architecture  relies  heavily  on  a  technology  known  as  reflective 
memory.  Reflective  memory  can  be  defined  as  a  network  of 
replicated  shared  memory.  Reflective  memory  has  the  follow¬ 
ing  features: 

1.  Any  node  can  write  to  reflective  memory. 

2.  All  nodes  see  the  same  reflective  memory  image  (data 
is  replicated  in  every  reflective  memory.) 

3.  Reflective  memory  is  designed  for  real-time  perfor¬ 
mance  -  latency  is  minimized. 

4.  No  processor  involvement  is  required  for  network  ini¬ 
tialization  or  operation. 

5.  Data  is  transferred  (replicated)  by  merely  writing  to 


memory  -  actual  transfer  is  handled  by  hardware. 
Reflective  memories  are  connected  in  a  fiber  optic  ring. 
With  presently  available  commercial  hardware,  sustained  data 
transfer  rates  of  6.2  to  26  Mbytes  per  second  are  achievable.  A 
network  may  consist  of  up  to  256  nodes.  At  26  Mbytes/sec  up 
to  300m  spacing  between  adjacent  node  is  allowed. 

The  20  orbit  feedback  crates  distributed  around  the  1 104- 
meter  storage  ring  circumference  are  networked  with  reflective 
memories.  Each  crate  receives  local  BPM  data  from  the  Mem¬ 
ory/Scanners.  The  BPM  position  data  is  averaged  by  a  pro¬ 
grammable  boxcar  averager  located  in  the  feedback  crate. 
Forty  X  and  forty  Y  BPMs  will  be  selected  to  provide  global 
position  information.  An  additional  two  X  and  two  Y  BPMs 
will  be  used  for  each  installed  insertion  device  beamline  and  an 
additional  two  Y  BPMs  for  each  installed  bending  magnet 
beamline.  The  beamline  position  data  may  come  from  rf  BPMs 
or  X-ray  BPMs  or  some  combination  of  both.  All  BPM  data 
used  for  orbit  correction  is  written  to  reflective  memory.  For 
the  fully  populated  ring  with  34  insertion  devices  and  34  bend¬ 
ing  magnet  beamlines,  a  total  of  284  positions  will  be  used  for 
orbit  feedback.  With  26-Mbyte-per-second  memories,  the  po¬ 
sition  data  will  propagate  around  the  storage  ring  in  less  than 
50  microseconds.  The  planned  feedback  system  sample  rate 
will  be  4  kHz  [2], 

Within  each  feedback  crate.  Digital  Signal  Processors 
(DSPs)  use  the  feedback  position  data  to  calculate  corrector 
values  for  the  two  local  sectors.  The  global  position  data  is 
used  to  calculate  local  corrector  values  assigned  to  the  global 
feedback  system.  For  reasons  beyond  the  scope  of  this  paper 
and  related  to  overall  feedback  stability,  the  corrector  calcula¬ 
tions  for  the  local  beamlines  use  both  global  position  data  and 
position  data  associated  with  the  local  beamline. 

The  use  of  reflective  memory  greatly  facilitates  a  distrib¬ 
uted  feedback  system  by  making  all  BPM  data  required  for 
orbit  feedback  available  to  all  distributed  feedback  processors. 
Also,  since  each  feedback  node  calculates  corrector  values  for 
its  two  sectors,  the  need  to  distribute  computed  corrector  values 
around  the  storage  ring  is  eliminated. 

V.  STATUS 

At  the  time  of  this  writing,  a  prototype  BPM  timing 
module  is  under  test.  A  contract  to  build  the  BPM  modules  to 
a  performance  specification  is  in  place  with  prototypes  due  in 
June.  The  Memory /Scanner  module  detailed  design  is  compete 
and  is  currently  in  CAD.  Design  of  the  Beam  History  module 
is  underway.  Proof  of  concept  tests  for  the  feedback  systems 
are  scheduled  to  take  place  at  SSRL. 
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Abstract 

We  are  updating  the  Tevatron's  cryogenic  control  systems 
(FRIGs)  to  provide  a  more  powerful,  flexible  and  robust 
architecture  based  on  Intel's  80386  microprocessor.  The 
objective  of  an  individual  FRIG  is  to:  perform  data  acquisition 
and  control  for  over  1000  dedicated  data  points;  produce  alarms 
in  the  case  of  abnormal  functioning  of  equipment;  run  PID 
closed  loops  for  the  cryogenic  hardware;  program  and  run  finite 
state  machines,  thus  automating  operations  such  as  cooldown, 
warm-up  and  so  on;  and  fulfill  fast  data  logging  for  any 
particular  set  of  parameters  of  interest 

1.  INTRODUCTION 

The  physical  characteristics  of  the  Tevatron's  cryogenic 
hardware  require  a  highly  distributed  control  system.  From  the 
cryogenic  point  of  view  the  entire  ring  is  partitioned  into  six 
physical  sectors;  with  each  sector  containing  four  satellite 
refrigerators  and  an  associated  compressor.  In  the  current 
implementation  each  satellite  system  is  driven  by  a  dedicated 
Intel  SBC386/116  single  board  computer.  These  FRIG 
execution  processors  reside  in  a  Multibus  II  chassis.  One 
chassis  can  support  up  to  8  FRIG  systems  servicing  the  same 
sector.  The  Multibus  II  environment  provides  a  centralized 
interface  to  Fermilab's  control  system  (ACNET)  as  well  as  a 
variety  of  support  services  (Tevatron  clock,  Ethernet,  and 
Token  Ring),  while  simultaneously  supporting  a  private, 
protected  execution  platform  for  each  80386  based  FRIG.  An 
embedded  DOS  PC  is  used  for  system  initialization  and 
diagnostics.  The  80386  execution  processors  are  decoupled 
from  the  actual  cryogenic  hardware  by  a  layer  of  80186  based 
I/O  processors.  Communications  between  the  execution 
processors  and  I/O  processors  are  implemented  through  an 
ARCnet  based  small  area  network. 

2.  INTERPROCESSOR  COMMUNICATIONS. 

In  a  highly  distributed  system  like  FRIG,  one  of  the 
primary  factors  driving  software  development  is  the  question  of 
bow  to  handle  interprocessor  communications.  Obvious 
considerations  include  the  desire  for  deterministic  network 
traffic,  topological  flexibility,  and  overall  system  robustness. 
We  decided  to  implement  communications  on  the  basis  of  a 
reflective  memory  paradigm,  dedicating  a  block  of  memory  in 
each  processor  to  serve  as  an  interprocessor  shared  memory  and 
supplying  supporting  services.  The  scheme  provides  for  a 
periodic  update  of  the  80386's  reflective  memory  with  data  read 
from  each  of  the  I/O  processors.  Since  the  cryogenic  system  is 
generally  considered  to  be  fairly  slow  (1-2  Hz),  we  also  decided 
upon  an  update  frequency  of  IS  Hz.  This  makes  the  network 
load  quite  predictable  and  establishes  a  uniform  facility  for 
acquiring  actual  hardware  data.  Using  a  higher  update  frequency 
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allows  simplification  of  the  timing  problems  in  the  reflective 
memory  updates  and  error  checking  mechanisms.  Settings,  due 
to  their  infrequent  and  unsolicited  nature,  are  serviced  on 
demand.  In  this  case  we  use  a  special  handshaking  mechanism 
(with  retries)  to  ensure  that  all  setting  requests  are  reflected  to 
the  appropriate  I/O  processor.  Another,  less  obvious, 
advantage  of  the  periodic  communications  scheme  associated 
with  reflective  memory  is  that  it  provides  a  very 
straightforward  mechanism  for  support  of  the  system's 
heartbeat  In  the  current  implementation,  communications 
between  processors  have  to  occur  within  a  predetermined 
amount  of  time.  Silence  on  the  part  of  any  processor  indicates 
a  serious  problem,  allowing  special  measures  to  be  initiated  by 
any  one  of  the  network  peers. 

In  order  to  achieve  proper  functioning  of  reflective  memory 
it  is  necessary  to  provide  identical  device  mappings  in  all 
participating  machines.  This  is  trivial  if  we  have  a  fixed  set  of 
devices  connected  to  each  I/O  processor.  However,  one  of  the 
primary  design  goals  was  to  provide  a  greater  level  of 
flexibility  within  the  system.  Ideally,  we  should  be  able  to 
change  the  hardware  configuration  of  each  I/O  subsystem  with 
a  minimum  of  effort.  In  order  to  provide  that  level  of 
flexibility,  at  boot  time  we  download  configuration  files  from 
the  embedded  DOS  PC  into  each  of  the  80386  processors. 
These  files  inform  each  execution  processor  of  how  many  I/O 
processors  he  needs  to  communicate  with,  along  with  the 
specific  hardware  configuration  fra-  each  one.  The  execution 
processors,  in  turn,  relay  the  information  to  each  of  their 
associated  I/O  processors  upon  request.  The  reflective  memory 
in  each  of  the  participating  processors  is  built  on  the  basis  of 
this  information.  The  configuration  files  are  maintained  as 
standard  ASCII  script  files.  They  can  be  edited  either  in  the 
field  or  remotely  through  any  of  the  standard  network  utilities. 

The  actual  software  that  supports  reflective  memory  is 
implemented  as  a  task  called  Virtual  I/O  Bus  (VIOB),  and  it 
runs  in  all  participating  machines.  It  is  based  on  an  in-house 
developed  network  protocol  (Y AKNET),  layered  on  top  of  the 
basic  ARCnet  communication  facilities.  Besides  evening  up 
the  length  of  all  ARCnet  messages,  this  layer  features 
packeting  and  depacketing,  task  to  task  communications,  and 
prioritized  message  passing.  The  last  feature  allows  us  to  send 
rather  long  messages  without  delaying  short,  important  ones. 
Also,  instead  of  using  a  processor  specific  interrupt  to  service 
ARCnet  communications,  we  are  using  high  frequency  (100 
Hz)  polling.  This  allows  us  to  use  the  same  software  on  all 
processors  within  the  system. 

3.  80186  SOFTWARE. 

The  interprocessor  communication  scheme  allowed  us  to 
define  the  responsibilities  of  each  processor  in  the  system, 
thus  simplifying  the  software  within  the  80186  I/O 
processors.  Instead  of  using  a  commercial  embedded  kernel  we 
developed  a  preemptive  task  scheduler  driven  by  a  combination 
of  timing  and  hardware  interrupts.  The  scheduler  features 
several  interrupt  levels  with  selectable  priorities  and 
background  execution.  Tasks  in  the  system  append  themselves 
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to  the  necessary  interrupt  at  startup,  and  the  provision  exists 
for  each  task  to  be  able  to  dynamically  change  the  interrupt  it 
is  appended  to.  We  were  able  to  put  enough  intelligence  in  the 
tasks  themselves  so  that  they  can  change  their  own  priorities 
and  frequencies.  Also,  a  high  level  task  can  make  decisions 
regarding  the  priority  and  frequency  of  a  lower  level  task.  This 
feature  is  especially  important  if  we  decide  to  change  the 
system  configuration  on  the  fly.  It  is  also  useful  in  the  case 
orff  special  hardware  events.  For  example,  in  the  event  that  the 
I/O  processor  looses  communications  with  its  associated 
80386,  it  can  reschedule  itself  to  said  a  1  Hz  "Initme”  request, 
rather  than  do  IS  Hz  reflective  memory  updates.  Within  a 
given  interrupt  level  the  tasks  are  executed  in  the  order  in 
which  they  have  been  appended.  One  more  mechanism 
incorporated  in  the  kernel  is  a  message  passing  facility, 
supporting  intertask  communications. 

The  major  task  divisions  within  the  I/O  processors  are 
organized  around  four  prioritized  timer  interrupts  with  the 
following  rates:  1000  Hz  for  real  time  kernel  services  and  fast 
data  logging  (SNAPSHOTS);  100  Hz  for  network 
communication  services  (YAKNET)  and  system  console 
support;  IS  Hz  for  general  data  acquisition  services  (VIOB); 
and  1  Hz  that  is  used  primarily  for  updating  system  statistics. 
The  fast  data  logger  maintains  10  seconds  worth  of  circular 
buffers  for  as  many  as  sixteen  individual  ADC  channels 
without  exceeding  10%  of  the  available  system  bandwidth. 
Data  logging  can  be  initiated  on  request  and  stopped  either  by 
the  receipt  of  any  specified  Tevatron  clock  event,  or  by  the 
occurrence  of  a  user-definable  hardware  event.  After  data  is 
transferred  to  the  80386,  data  logging  can  be  restarted. 

Much  effort  was  also  devoted  to  developing  adequate 
debugging  facilities.  For  instance,  each  I/O  processor  includes 
a  second  RS232  port  dedicated  to  a  PC  hosted,  interrupt  driven 
monitor.  The  monitor  provides  access  to  the  system  at  the 
highest  kernel  level;  and  was  instrumental  in  debugging  the 
initial  versions  of  the  task  scheduler  and  during  the  installation 
in  the  field.  Each  I/O  processor  also  includes  a  bank  of  user- 
definable  LED's  and  front  panel  switches  reserved  exclusively 
for  diagnostic  purposes. 

4.  80386  SOFTWARE. 

One  can  view  the  80386  software  as  three  major  layers 
(Figl),  each  of  which  is  implemented  using  the  services  of  the 
previous  layers.  At  the  lowest  level  we  have  chosen  the  MTOS 
operating  system  because  it  provides  a  large  variety  of  system 
services.  OOC++,  an  intermediate  layer,  serves  as  a  system 
kernel  with  two  major  functionalities:  support  of  object 
handling  and  message  passing  mechanisms  within  the  system, 
and  support  of  standard  ACNET  communications.  Introduction 
of  this  layer  enables  us  to  simplify  the  overall  organization  of 
the  total  system.  The  highest  layer  is  the  cryogenic  specific 
software  dedicated  to  data  acquisition,  closed  loops  and  Finite 
State  Machines  (FSMs). 

OOC++  is  implemented  on  the  basis  of  the  C++  binding 
and  memory  management  technique,  and  provides  support  for 
multiple  class  inheritance,  polymorphism  and  encapsulation.  It 
features  dictionaries  of  definal  classes  and  instances  of  these 
classes  (objects),  and  an  object  to  object  message  passing 
facility.  OOC++  provides  a  uniform  communication  protocol 
between  software  objects  within  the  80386,  and  adds 
significantly  to  the  flexibility  of  the  whole  system.  It  allows 


us  to  create  software  objects  that  support  certain  types  of 
messages  regardless  of  their  source  and  to  use  them 
interchangeably  within  the  system.  The  object  identifier 
(OID)  becomes  part  of  the  message  and  informs  the  kernel 
about  the  message  destination. 


Fig.  1  Internal  Organization  of  386  software. 

The  system  kernel  supports  several  ACNET 
communication  protocols.  Standard  ACNET  communication 
support  is  based  on  four  main  tasks:  RETDAT,  SETDAT, 
READER  and  WRITER.  The  first  two  serve  to  receive  requests 
to  read  data  and  control  hardware,  respectively.  The  latter  two 
provide  replies  back  to  the  ACNET  system  for  both  reading 
and  control.  RETDAT  can  accept  two  types  of  requests: 
periodic  and  one-shots.  For  periodic  requests  a  cancel  message 
from  the  network  should  arrive  in  order  to  stop  the  replies. 
Replies  for  RETDAT  requests  are  shipped  to  ACNET  via 
READER  and  consist  of  the  specified  requested  data,  collected 
by  the  local  system.  Usually  each  RETDAT  request  creates  a 
list  object  that  generates  replies  and  submits  them  to 
READER.  SETDAT  can  accept  only  one-shot  requests  and 
fulfills  hardware  control.  The  status  of  the  hardware  control 
operations  is  shipped  back  to  ACNET  through  WRITER. 
Access  to  internal  software  objects  is  done  on  the  basis  of 
message  type  (type  of  the  ACNET  request)  and  OID  of  each 
object  involved  with  the  request.  All  of  the  internal  message 
passing  necessary  for  ACNET  support  is  done  through 
OOC++.  Additional  ACNET  communication  protocols  are 
provided  to  support  alarm  processing  and  fast  data  logging. 

The  cryogenic  specific  software  itself  can  be  partitioned  into 
three  major  layers. 

The  lowest  is  the  data  acquisition  layer,  which  consists  of 
the  device  drivers  for  the  hardware  used  in  the  cryogenic 
system.  Each  driver  is  built  as  a  class  that  supports  all 
ACNET  messages  needed  for  a  particular  device.  These 
messages  can  be  reading,  setting,  reading  of  setting,  basic 
status,  basic  control,  analog  and  digital  alarms.  This  layer 
allows  the  use  of  standard  ACNET  parameter  pages  and 
application  programs  that  utilize  data  acquisition  services;  it 
also  serves  as  a  base  for  all  upper  layers.  Access  to  the  actual 
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hardware  for  this  layer  is  provided  through  reflective  memory, 
supported  by  the  previously  described  VIOB  task. 

The  second  layer  is  closed  loop  control.  Presently  we  are 
supporting  only  relay-like  control  and  PID  control  with  its 
variations  (PI,  PD,  P,  I  and  D).  This  layer  operates  at  its  own 
frequency  (currently  1  Hz)  under  control  of  its  own  monitor. 
Besides  the  control  itself,  this  layer  supports  access  from  VAX 
based  applications  for  configuration  and  tuning  of  the  control 
loops.  Configuration  of  the  loops  refers  to  the  ability:  to  start 
or  stop  a  control  loop;  to  change  its  frequency  using  1  Hz 
granularity;  to  assign  a  loop  input  to  any  value  in  the  system, 
including  the  output  of  another  loop;  and  to  assign  a  loop 
output  to  any  controllable  device  in  the  system.  Tuning  of  the 
loop  refers  to  the  ability  to  change  the  values  of  the  loop 
coefficients,  including  zeroing  them  out,  thus  allowing  a 
change  of  the  control  strategy.  The  current  version  of  the  FRIG 
software  can  support  up  to  32  loops.  Future  plans  are  to 
incorporate  into  this  layer  special  control  algorithms  for  the 
cryogenic  plants  with  large  dead  times  and  to  add  adaptive 
control  algorithms. 

The  uppermost  layer  of  cryogenic  software  is  the  finite  state 
machines  (FSMs),  driven  by  the  state  of  the  cryogenic 
hardware.  This  layer  is  implemented  to  provide  support  for 
various  discrete  control  algorithms  necessary  for  the  operating 
of  cryogenic  equipment.  Rather  than  having  these  algorithms 
hard  coded  we  have  provided  cryogenic  engineers  with  the 
capability  to  program  their  own  discrete  algorithms  without 
changing  microprocessor  software.  The  present  version  of  the 
software  can  support  up  to  32  FSMS,  each  containing  up  to 
16  states.  Each  state  can  contain  up  to  8  action  rules,  (hardware 
and  software  settings)  when  the  state  is  entered,  and  up  to  8 
transition  rules,  defining  possible  transitions  from  this  state 
based  on  the  conditions  of  the  hardware  and  software. 

Features  of  this  implementation  are: 

•  several  FSMs  can  run  concurrently  in  a  FRIG  system; 

-  FSM  transition  rules  can  involve  a  great  deal  of 
"special"  calculation; 

-  all  FSMs  and  special  calculations  ate  "reprogrammable" 
through  VAX  based  applications. 

In  order  to  satisfy  these  requirements  several  additional 
software  classes,  which  serve  as  a  basis  for  FSMs  were 
introduced  into  the  system: 

-  operations  -  doing  special  calculations  on  the  basis  of 
measured  parameters; 

•  actions  -  doing  setting  and/or  control  on  one  or  several 
appropriate  devices; 

-  timers  -  doing  time  measurements  inside  the  system. 

-  storages  -  storing  useful  constants  for  special 
calculations. 

-  states  -  states  of  the  FSMs,  containing  action  and 
transition  rules. 

All  of  the  mentioned  classes  are  tunable  from  VAX  based 
applications  and  can  be  used  not  only  inside  the  FSMs,  but 
elsewhere  inside  the  system,  as  inputs  and  outputs  of  loops,  on 
parameter  pages,  etc. 

5.  EMBEDDED  PC  SUPPORT. 

The  present  version  of  FRIG  software  is  using  a  PC/AT 
exclusively  for  booting/downloading  of  the  embedded  386 
based  software.  Two  major  functions  are  available  in  the 
FRIG  loader  routine: 


-  download  code  and  default  parameters  to  the 
microprocessors. 

-  restart  all  embedded  386. 

Downloading  of  the  default  parameters  adds  flexibility  to  the 
created  software  and  allows  to  make  changes  by  simple 
rebooting  of  the  system  without  any  additional  software  work. 
Another  feature  provided  by  default  parameters  is  the 
possibility  for  a  FRIG  system  to  come  up  aware  of  what  the 
system  is  and  what  it  should  be  doing,  without  depending  on 
the  central  VAX  for  obtaining  of  this  information. 

The  default  parameters  downloading  allows  to  define  default 
parameters  for 

-  hardware  configuration; 

•  loops; 

-  FSMs  and  its  elements. 

All  of  the  default  parameters  are  implemented  as  human 
readable  ASCII  files  that  can  be  easily  accessed  and  changed  by 
any  available  PC  based  editor. 

Two  additional  provisions  implemented  on  the  PC/AT  are 
remote  reboot  and  file  transfer  service.  The  first  uses  the 
specialized  hardware  allowing  remote  reboot  of  the  PC/AT  and 
the  whole  Multibus  II  chassis  using  a  common  purpose 
CAMAC  digital  I/O  module.  This  feature  allows  us  to  hook  a 
dedicated  I/O  module  to  one  of  the  existing  CAMAC  Front- 
Ends  and  incorporate  remote  reboot  into  one  of  the 
applications.  File  transfer  service  is  built  on  the  basis  of 
standard  Ethernet  protocol  support  and  FTP  software.  When  the 
system  is  rebooted,  by  means  of  a  specialized  script,  invoking 
the  loader,  the  FTP  server  task  is  invoked,  thus  enabling  file 
transfers  to  the  PC  from  the  central  VAX. 

Future  plans  for  PC  software  include  moving  it  to  the 
Windows  environment  to  make  a  nicer  interface  with  the 
loader,  and  implementation  of  a  sector-wide  PC  based  watchdog 
system. 

6.  CONCLUSION. 

The  described  control  system  is  fully  implemented  and  has 
been  working  in  several  installations  around  the  ring  for  the 
last  two  months.  Full  conversion  to  die  new  cryogenic  control 
system  is  planned  for  this  summer.  Besides  future  plans 
mentioned  within  the  paper,  we  are  thinking  about 
incorporating  a  Micro  VAX  into  the  system  to  provide  ring 
wide  intelligence  and  coordination  of  the  individual  control 
systems  described  in  this  paper. 
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Abstract 

This  paper  describes  the  software  design  of  the  EUTERPE 
synchrotron  radiation  facility.  Applications  are  developed 
as  a  set  of  separate  programs.  Services  are  exported  from 
these  programs  and  can  be  used  by  ot  her  programs.  The 
programs  are  built,  from  classes  following  the  object  ori¬ 
ented  programming  paradigm.  Objects  are  created  from 
these  classes  when  the  programs  are  distributed  over  a  set 
of  processors. 

The  objects  of  the  applications,  which  represent  existing 
accelerator  related  objects,  also  profit  from  standard  facil¬ 
ities  provided  by  the  control  system  software,  like,  adapt¬ 
able  acquisition  and  user  dependent  object  views  (e  g.  13- 
field  for  physicist  and  power-supply  for  engineer). 

This  approach  makes  the  application  software  indepen¬ 
dent  of  the  underlying  control  system  structure.  Applica¬ 
tions  do  not  see  if  the  underlying  structure  is  1-,  2-  or  3- 
layered.  Accordingly,  the  mapping  of  the  application  soft¬ 
ware  to  the  hardware  can  be  postponed  until  the  last  mo¬ 
ment.  Once  installed,  the  control  system  structure  can  be 
adapted  to  new  performance  and  flexibility  requirements 
without  consequences  for  the  application  software. 

I.  Introduction 

The  Eindhoven  University  of  TEchnology  Ring  for  Pro¬ 
tons  and  Electrons  (Euterpe)  is  currently  being  designed 
and  constructed  at  the  physics  department  of  the  Eind¬ 
hoven  University  of  Technology  (EUT).  The  accelerator 
is  designed  for  the  production  of  synchrotron  radiation  ex¬ 
tending  from  the  infrared  to  the  ultraviolet  [l].  Apart  from 
radiation  production,  the  ring  will  also  be  used  to  study- 
beam  dynamics  and  to  assist  in  the  teaching  of  accelera¬ 
tor  physics.  In  the  same  spirit  the  design  for  the  control 
system  for  the  ring  has  been  started.  The  design  should 
not  be  limited  to  the  most  cost  effective  way  to  control  the 
accelerator,  but  it  should  support  accelerator  control  in 
general.  The  object,  oriented  method  is  investigated  for  its 
applicability  to  accelerator  control.  Claims  about  reusabil¬ 
ity.  maintainability  and  simplicity  [2]  ran  be  evaluated.  In 


this  paper  a  summary  of  the  main  results  is  presented.  A 
more  detailed  treatment,  is  found  in  [3].  The  verification 
of  the  object  orientation  claims  is  only  possible  in  a  later 
stage  when  the  control  system  is  actually  used  and  modi¬ 
fied. 

II.  Requirements 

The  requirements  on  accelerator  control  are  motivated  by 
(1)  the  experimental  nature  of  the  installations,  the  dis¬ 
tribution  of  the  accelerator  over  a  large  area,  (2)  the  of¬ 
ten  conflicting  wishes  of  different  user  groups  and  (3)  syn¬ 
chronous  actions  of  different  accelerator  components.  Less 
essential  are  the  short,  time  range  of  many  phenomena  and 
the  wish  to  access  the  equipment  from  personal  computers 
situated  at  widely  dispersed  locations. 

The  experimental  nature  of  the  installations  leads  to 
changes  in  the  type  and  amount  of  equipment  to  be  con¬ 
trolled.  Also  changing  operational  conditions  require  that 
the  relations  between  different  components  are  frequently 
modified.  The  flexibility  of  the  control  system  that  allows 
additions  and  removals  of  pieces  of  equipment  without  ma¬ 
jor  control  system  shutdowns  is  a  major  requirement. 

During  the  lifetime  of  the  accelerator,  components  break 
down  and  are  replaced  by  other  components.  For  a  high 
availability  of  the  accelerator,  online  modifications  to  the 
equipment  should  be  possible  with  a  minimum  of  effort  or 
modifications  to  the  application  programs.  Consequently, 
the  reconfiguration  of  the  equipment  and  the  associated 
control  system  components  should  be  possible. 

The  physical  distribution  of  the  accelerator  components 
makes  it  attractive  to  group  equipment  at  a  number  of 
locations  and  to  control  this  equipment  from  computers 
situated  at  these  same  locations.  The  wish  to  control  all 
the  equipment  from  one  central  control  room  and  provide 
some  controlled  access  from  individual  workstations  neces¬ 
sitates  the  distribution  of  the  control  system. 

The  different  groups  that,  build,  maintain  and  operate 
the  accelerator  have  widely  different  views  on  the  same 
pieces  of  equipment.  An  engineer  is  interested  in  bit  pat¬ 
terns.  a  physicist  in  current  and  field  values.  Consequently, 
a  piece  of  equipment  should  offer  multiple  news  for  an  ef¬ 
ficient  manipulation  by  a  heterogeneous  population. 
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Accelerator  components  are  grouped  to  construct  higher 
level  components.  Several  magnets  can  be  grouped  to  pro¬ 
duce  a  higher  order  harmonic  magnetic  field;  a  phase  and  a 
strength  are  the  only  required  attributes  of  such  a  group. 
At  a  lower  level,  the  individual  magnets  still  need  to  be 
controlled  by  individual  settings.  At  a  lower  level  yet  the 
magnets  are  composed  of  a  power-supply,  the  magnet  sta¬ 
tus  equipment  and  the  timing  equipment.  Multilevel  ac¬ 
cess  is  a  characteristic  of  accelerator  control.  Dependent 
on  the  situation,  groups  of  equipment  or  individual  pieces 
of  equipment  need  to  be  accessed. 

Applications  can  be  invoked  concurrently  on  different 
computers.  Many  different  applications  often  need  values 
from  the  same  pieces  of  equipment  (e.g.  the  beam  current). 
The  atomicity  of  groups  of  actions  by  the  control  system 
has  the  results  that:  (1)  the  concurrent  access  to  the  same 
piece  of  equipment  by  different,  applications  needs  to  be 
organized  such  that  no  invalid  results  are  returned  to  the 
applications  and  (2)  when  a  series  of  actions  or  acquisitions 
is  done,  it  is  important  that  the  results  concern  the  same 
time  period  and  that  all  actions  are  completely  executed 
or  not  at  all. 

III.  Distribution 

The  distribution  of  the  applications  over  the  computers 
is  not  usually  supported  by  object  oriented  languages. 
Therefore,  an  extension  to  C++  has  been  developed  called 
DEAL  [4].  This  language  allows  the  system  designer  to 
define  programs  that  contain  all  elements  which  constitute 
one  inseparable  piece  of  coding.  A  Process  (instance  of 
a  program)  can  export  the  procedures  of  classes  and  ob¬ 
jects  which  are  visible  to  all  code  in  the  process.  Other 
processes  can  use  these  exported  procedures  and  objects. 
Procedures  of  other  processes  are  invoked  wit  h  the  Remote 
Procedure  Call  (RPC)  paradigm  [5].  These  concepts  are 
shown  in  more  detail  in  Fig.  1.  In  process  (circle)  A  two 
objects  (rectangles  with  rounded  angles)  01  and  02  are 
present.  The  procedures  (ellipses)  01. PO  and  02. PO  are 
invoked  simultaneously  from  process  B.  while  an  unspeci¬ 
fied  process  NN  is  invoked  from  02  in  A. 

The  processes  allow  the  separation  of  the  control  sys¬ 
tem  software  into  independent  programs,  which  at.  a  later 
stage  can  be  loaded  on  the  target  hardware.  This  strat¬ 
egy  makes  the  software  as  independent  as  possible  of  the 
underlying  hardware-structure.  However,  at  a  lower  level 
hidden  to  the  application  program  writer,  the  operating 
system  should  know  the  physical  locat  ions  of  the  processes. 

During  the  design  of  the  software  architecture,  knowl¬ 
edge  about  possible  distribution  configurations  is  nev¬ 
ertheless  required.  When  only  one  program  that  con¬ 
tains  the  complete  control-system  information  is  devel¬ 
oped,  the  later  distribution  of  the  program  necessitates 
that  it  is  split  into  smaller  programs.  When  the  programs 
are  split  into  functional  parts  (e.g.  one  program  for  all 
quadrupole  power  supplies)  and  a  geographical  split  is  re- 


Process  B  Process  A 


Figure  1:  Processes  and  objects 

quired  later,  the  program  splitting  needs  to  be  redone.  It 
is  important  to  realize  as  well  that  every  time  an  object 
in  another  process  is  invoked,  time-consuming  parameter- 
copying  and  process-switching  occur.  The  control-system 
designer  should  verify  that  program  splits  are  both  func¬ 
tional  (i.e.  reflect,  the  structure  of  the  accelerator)  and 
efficient  (i.e.  no  unnecessary  overheads  are  incurred  dur¬ 
ing  execution). 

IV.  Multi-level  and  -view  access 

The  datamodule  concept,  as  successfully  defined  at  CERN 
[6],  is  eminently  supported  by  object  oriented  languages 
via  inheritance.  In  Fig.  2.  a  diagrammatic  representation 
of  the  classes  is  shown.  A  rectangle  represents  a  class  and 
the  arrows  represent,  inheritance  relations.  Visible  proce¬ 
dures  and  objects  are  drawn  on  the  class  (rectangle)  edge 
and  internal  (hidden)  ones  are  drawn  inside  the  class.  The 
equipment  class  (e.g.  power-supply)  inherits  from  the  dif¬ 
ferent  views  and  the  Device  class.  The  Device  class  con¬ 
tains  one  (or  more)  object(s)  of  the  interface  class  that 
represent  the  interface  card(s).  General  facilities  which 
are  always  needed  act  upon  the  device  such  as:  e.g.,  en¬ 
able.  disable.  Access  protection  can  be  defined  by  adding 
procedures  not.  shown  in  Fig.  2  which  handle  protection 
and  access  rights.  The  code  for  such  an  equipment  class 
can  then  be  written  by  the  person  responsible  for  that  par¬ 
ticular  piece  of  equipment  without  bothering  him  with  the 
less  interesting  other  details  already  defined  in  the  class 
Device.  The  equipment  class  with  all  its  views  is  exported 
from  the  enveloping  process.  In  the  application  process 
that  uses  the  equipment  the  object  of  the  equipment  class 
is  accessed  with  the  view  that  suits  the  application. 

The  above  multi- mew  access  is  complemented  with  a 
multi-level  access.  A  family  constitutes  a  piece  of  equip¬ 
ment  to  be  controlled  by  an  operator.  It  can  be  com¬ 
posed  of  a  power-supply,  one  or  more  magnets  and  a  tim¬ 
ing  module.  At  the  family  level,  modifications  to  magnets 
are  defined  in  Gauss  or  other  relevant  units.  At  the  lower 
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Device 


Figure  2:  Inheritance  from  views 


equipment  level  access  can  be  defined  in  Amps  or  just  hit- 
patterns  depending  on  the  view  of  the  user.  At  the  lowest 
interface-level,  the  access  is  purely  done  in  bit  patterns. 
At  a  higher  level,  families  can  be  grouped  to  construct 
accelerator  parameters  such  as  bumps  or  Q- values. 


more  values  is  returned  and  an  averaging  mode,  where  the 
average  of  a  series  of  values  is  returned. 

When  applications  concurrently  read  the  values  from  ob¬ 
server  stations,  two  problems  may  occur:  (1)  while  the 
application  reads  a  set  of  values  of  one  observer  station, 
the  same  observer  station  can  be  activated  one  or  more 
times,  thus  overwriting  the  shared  object  and  leading  to 
inconsistent  results  and  (2)  when  the  values  from  related 
observer  stations  are  read  (e.g.  a  set  of  pick-up  stations), 
these  values  are  not  automatically  related  in  time.  Con¬ 
currency  control  algorithms  based  on  time-stamping  assure 
that  consistent  results  are  returned  to  the  invoking  pro¬ 
cess  [7].  Consequently,  applications  read  data  from  sets  of 
equipment  which  are  produced  over  the  same  time  period 
and  multiple  data  from  the  same  equipment  will  concern 
one  continuous  time  interval. 

The  same  concurrency  algorithms  also  assure  that  mod¬ 
ifications  to  related  equipment  are  executed  at  roughly  the 
same  times  and  to  all  equipment  involved.  When  actions 
on  the  same  equipment  are  required  by  two  conflicting  ap¬ 
plications,  either  both  actions  are  executed  sequentially,  or 
one  of  the  actions  will  fail  with  an  error  message  that  the 
equipment  setting  is  also  modified  by  another  application. 


V.  Atomicity 

When  a  periodic  access  to  the  same  equipment  is  required 
by  multiple  applications,  it  is  more  efficient  to  access  the 
equipment  at  the  highest  requi-  d  ate  and  to  store  the 
values  in  memory.  For  example  the  reading  of  Pick-Up 
electrodes  can  be  done  e  e»-  millisecond  locally  in  one 
computer.  The  different  applications  can  then  read  those 
values  concurrently  from  memory  and  select  the  appro¬ 
priate  ones.  When  all  applications  access  the  equipment 
directly,  the  accesses  to  the  equipment  have  to  be  strictly 
serialized  to  prevent  inconsistencies  and  even  equipment 
damages.  These  sequential  equipment  accesses  each  take 
longer  than  the  simple  memory  location  accesses.  To  re¬ 
duce  message  overhead,  multiple  acquisition  values  can  be 
sent  in  one  message.  An  advantage  is  that  the  data  rear! 
by  different  applications  are  identical  and  lead  to  the  same 
result  in  applications  executing  concurrently  at  different 
locations. 

The  observer  object  has  been  introduced  to  support  this 
approach.  It  consists  of  an  action  that  has  to  be  executed 
on  a  piece  of  equipment  and  a  period  that  defines  the  in¬ 
vocation  rate.  Different  rates  for  different  applications  can 
be  defined.  The  observer  object  orders  the  rates  and  re¬ 
turns  the  corresponding  values  to  the  correct  applications. 
Data  are  stored  in  shared  objects  that  are  read  by  the  ap¬ 
plication.  An  action  may  return  one  result  from  a  single 
ADC  access  or  multiple  results  as  provided  by  a  transient 
recorder.  When  reacting  the  values,  the  application  needs 
to  specify  the  first  and  last  value  and  the  total  number  of 
values  it  wants  to  read. 

Two  modes  of  the  observer  object  exist.  A  single  access 
mode,  where  only  the  latest  result  consisting  of  one  or 
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Abstract 

The  Superconducting  Super  Collider  Laboratory  is  a 
complex  of  particle  accelerators  being  built  in  Ellis  County, 
Texas.  It  will  have  a  dedicated  global  communications 
network  that  will  deliver  control  messages  and  provide  for 
general  data  acquisition.  This  network  will  connect  thou¬ 
sands  of  computer  nodes  over  a  very  large  geographic  area. 
In  order  to  meet  the  demanding  availability  requirements 
being  levied  on  the  system,  it  will  need  comprehensive  net¬ 
work  management.  A  large  number  of  the  computer  nodes 
are  embedded  systems  that  traditionally  do  not  support 
network  management  services.  This  presents  unique  chal¬ 
lenges  to  standard  network  management  practices.  The 
Simple  Network  Management  Protocol,  SNMP,  is  widely 
accepted  by  industry  as  a  tool  to  manage  network  devices. 
In  this  paper  we  will  examine  the  performance  character¬ 
istics  and  usefulness  of  an  SNMP  agent  in  a  real-time  en¬ 
vironment. 

I.  Network  Management  Historical  Perspective 

The  Internet  Activities  Board  (IAB)  has  spent  consid¬ 
erable  time  focusing  on  standards  for  network  manage¬ 
ment.  In  1987  a  group  of  engineers  implemented  the  Sim¬ 
ple  Gateway  Management  Protocol  (SGMP).  Around  the 
same  time,  the  OSI  network  management  documents  speci¬ 
fied  CMIP  over  TCP  (CMOT).  (CMIP  is  the  OSI  Common 
Management  Information  Protocol,  and  TCP  is  the  Trans¬ 
mission  Control  Protocol).  These  two  groups  met  to  de¬ 
termine  if  a  consensus  could  be  reached  on  a  network  man¬ 
agement  approach.  The  result  of  the  meeting  was  that  the 
SGMP  protocol  would  be  extended  to  address  the  needs  of 
network  devices  other  than  gateways.  It  would  be  called 
the  Simple  Network  Management  Protocol  (SNMP).  This 
was  to  become  the  short  term  solution  for  network  man¬ 
agement  in  the  community  while  a  second  group  worked  on 
the  OSI  approach  as  a  long  term  solution.  A  third  group 
was  to  design  a  common  framework  for  network  manage¬ 
ment  so  as  to  make  the  migration  from  SNMP  to  CMOT 
easier.  By  the  fall  of  1989  a  number  of  vendors  had  imple¬ 
mentations  of  SNMP  installed,  and  it  became  the  de  facto 
operational  standard  for  network  management  of  TCP/IP 
based  networksfl]. 

II.  Structure  of  Management  Information 

‘Operated  by  the  Universities  Research  Association,  Inc.,  for  the  U.S. 
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The  Structure  of  Management  Information  (SMI)  was 
initially  deployed  in  order  that  the  SNMP  and  the  CMOT 
camps  would  have  a  common  framework  for  identifiying 
managed  objects[2],  A  collection  of  managed  objects  is 
referred  to  as  a  Management  Information  Base  (MIB)[3). 
Essentially  the  SMI  specifies  a  syntax  for  defining  MIBs 
in  Abstrax  Syntax  Notation  One  (ASN.l)  macros  and  a 
base  group  of  object  types.  Complex  object  types  can  be 
created  using  ASN.l.  Additionally,  a  set  of  Basic  Encoding 
Rules  (BER)  are  defined  to  translate  the  ASN.l  instances 
into  serialized  octet  strings  that  can  be  sent  out  onto  a 
network. 

Objects  are  defined  with  an  associated  Object  Identifier 
(OID)  in  a  tree  structure.  There  are  four  branches  in  the 
tree  that  are  of  primary  interest;  Directory,  Management, 
Experimental  and  Private.  The  Directory  subtree  is  re¬ 
served  for  future  use  with  the  OSI  network  management 
model.  The  Management  subtree  is  used  to  define  objects 
in  the  Internet  standard  MIB.  This  consists  of  objects  that 
are  expected  to  be  available  on  managed  nodes  running  the 
Internet  suite  of  protocols.  The  latest  version  of  this  MIB 
is  referred  to  as  MIB-II[4].  It  contains  171  objects  in  a 
number  of  groups  that  are  identified  as  System,  Interfaces, 
Address  Translation,  IP,  ICMP,  TCP,  UDP,  EGP,  trans¬ 
mission  and  SNMP.  Each  group  is  considered  optional,  but 
if  any  object  in  a  group  is  implemented,  then  the  whole 
group  must  be  implemented.  The  Experimental  subtree 
is  used  for  conducting  Internet  experiments.  The  Private 
subtree  allows  any  enterprise  to  register  with  the  Internet 
community  and  build  their  own  MIBs.  MIBs  developed  by 
the  SSC  Lab  fall  into  this  category. 

III.  What  is  SNMP? 

SNMP  has  become  widely  implemented  in  the  network 
community  as  the  accepted  de  facto  standard  network 
management  protocol.  Agents  supporting  SNMP  are  pro¬ 
vided  by  many  network  device  vendors.  In  addition,  many 
workstation  vendors  provide  an  SNMP  agent  either  as  part 
of  their  standard  operating  system  release  or  through  third 
party  vendors. 

SNMP  provides  four  operations:  Get,  GetNext,  Set,  and 
Trap[5].  It  requires  a  connectionless  transport  service  to 
be  provided.  TCP/IP  implementations  of  SNMP  use  the 
User  Datagram  Protocol  (UDP)  as  the  transport  mecha¬ 
nism.  Community  names  provide  for  minimal  authentica¬ 
tion  access  to  a  managed  nodes  MIB.  Different  community 
names  can  be  used  for  Get  and  Set  to  provide  read-only 
access  to  some  users  and  read-write  access  to  others.  Get 


0-7803-1203-  1/93S03.00  C  1993  IEEE 


1823 


and  Set  operate  on  a  specified  OID.  GetNext  returns  the 
OID  and  value  of  the  next  object  in  the  MIB.  This  allows 
a  Network  Management  Station  (NMS)  to  “walk”  through 
a  managed  nodes  MIB  by  repeatedly  issuing  GetNext  calls 
to  that  node.  Traps  are  the  means  that  the  managed  node 
can  report  that  an  event  has  occured  or  some  threshold 
has  been  passed. 

Many  commercially  available  NMSs  are  available  that 
use  SNMP.  NMS  provides  a  user  interface  to  the  SNMP 
objects  and  allows  for  data  collection,  MIB  browsing,  trap 
handling  and  maintaining  graphical  maps  of  the  network. 
The  NMS  can  draw  conclusions  on  the  health  of  the  net¬ 
work  and  its  associated  devices  based  on  the  MIB  data 
it  collects.  Additionally,  SNMP  applications  can  be  pur¬ 
chased  or  written  to  manipulate  the  data  in  a  number  of 
ways.  e.g.  a  meter  to  show  the  network  or  CPU  utilization 
of  a  particular  device. 

IV.  SNMP  Agent  for  Real-Time  Systems 

In  order  to  provide  SNMP  services  for  real-time  systems, 
SNMP  agent  software  was  purchased  in  source  form.  This 
software  is  the  SNMP  Universal  Agent[6].  C  source  code  is 
provided  to  implement  the  SNMP  agent,  and  sample  MIB 
interfaces  which  simulate  MIB-II  and  the  experimental  Un¬ 
interruptible  Power  Supply  (UPS)  MIB.  Each  MIB  adheres 
to  a  defined  Agent-MIB  interface  so  that  new  MIB  mod¬ 
ules  can  be  added.  This  code  was  ported  to  VxWorks[7], 
a  real-time  operating  system,  by  SSC  Lab  engineers. 

VxWorks  provides  many  data  structures  that  contain 
data  relevant  to  the  status  of  the  network.  A  mapping 
of  this  data  to  the  MIB-II  objects  was  performed  by  SSC 
Laboratory  personnel  resulting  in  a  near  complete  imple¬ 
mentation  of  MIB-II  under  VxWorks. 

V.  SSCL  Real-Time  MIB 

With  the  standard  MIB-II  objects  in  place,  it  is  appar¬ 
ent  that  extensions  are  needed  in  order  to  manage  real¬ 
time  systems.  Objects  that  are  not  part  of  any  existing 
standard  MIB  are  desired.  For  instance,  from  the  cen¬ 
tral  management  station,  it  may  be  desireable  to  change  a 
nodes  configuration,  determine  the  current  software  veri- 
son,  modify  the  state  of  tasks  in  the  system,  determine  the 
CPU  load  or  even  reboot  the  system. 

A  MIB  was  designed  to  address  these  unique  require¬ 
ments  for  management  of  real-time  systems,  referred  to  as 
the  SSCL  Real-Time  MIB.  There  are  four  main  groups  in 
the  MIB:  Real-Time  Operating  System  (RTOS),  SNMP 
Daemon  (SNMPD),  CPU  Idle  (IDLE)  and  System. 

The  RTOS  group  contains  objects  relevant  to  each  real¬ 
time  operating  system  that  the  agent  may  be  ported  to. 
For  example,  a  VxWorks  sub-group  could  contain  objects 
representing  system  memory  usage,  system  tasks  and  boot 
parameters.  The  current  implementation  allows  the  Vx¬ 
Works  boot  parameters  to  be  interrogated  and  modified 
using  SNMP.  Due  to  the  distribution  of  real-time  systems 
at  the  SSC  over  many  miles,  this  functionality  could  be 
invaluable. 


The  SNMPD  group  contains  information  relevant  to  the 
tasks  used  to  support  SNMP  on  the  target.  These  objects 
include  the  version  of  the  Agent  core,  version  of  the  Op¬ 
erating  System  Port,  and  the  task  priority  of  the  daemon 
task.  The  task  priority  is  settable  using  SNMP. 

The  CPU  idle  group  contains  information  regarding  the 
utilization  of  the  CPU.  Objects  provide  the  CPU  percent 
idle  at  various  time  intervals  as  well  as  a  user  settable  time 
interval.  The  values  can  be  queried  to  monitor  the  system 
performance. 

The  system  group  is  intended  to  monitor  and  control 
the  real-time  system  as  a  whole.  It  contains  objects  that 
allow  the  user  to  start  reboot  sequences  or  abort  reboot 
sequences  to  a  target.  When  these  values  are  set,  SNMP 
Traps  can  be  sent  to  a  NMS  to  advise  that  the  system 
is  being  rebooted.  These  traps  contain  the  system  being 
rebooted,  how  long  until  the  reboot  will  occur  and  which 
system  caused  the  reboot  to  occur. 

VI.  SSCL  T1  MIB 

The  communications  for  the  SSC  controls  system  will 
consist  largely  of  point-to-point  links  to  satisfy  the 
throughput  and  response  time  requirements^].  These 
point-to-point  links  will  be  provided  directly  into  the  real¬ 
time  system  by  means  of  a  fractional  T1  interface.  This 
interface  is  being  developed  by  the  SSC  to  implement  stan¬ 
dard  protocols  such  as  HDLC,  PPP,  and  TCP/IP.  Some  of 
these  interfaces  are  already  managed  by  standard  MIBs  de¬ 
fined  by  the  Internet  community.  Where  applicable,  those 
MIBs  will  be  used  to  manage  the  point-to-point  links.  In 
addition  to  that,  a  SSCL  T1  MIB  will  be  designed  to  imple¬ 
ment  direct  driver  level  statistics  about  the  T1  interfaces. 
This  MIB  will  allow  network  managers  to  determine  the 
operational  status  of  the  interfaces,  and  verify  that  the  T1 
communications  are  set  up  properly  in  accordance  with 
ADM  and  SONET  equipment  used  to  transport  the  Tl. 
For  example,  the  Tl  channels  involved  in  a  point-to-point 
link  could  be  verified. 

VII.  Real-Time  Performance  issues 

When  real-time  systems  are  operational,  there  are  essen¬ 
tially  three  types  of  operations:  Interrupt  Service  Routines 
(ISR),  real-time  tasks,  and  non  real-time  tasks.  The  goal 
of  the  real-time  operating  system  is  to  schedule  the  real¬ 
time  tasks  in  a  deterministic  nature.  The  non  real-time 
tasks  are  tasks  that  are  generally  not  mission  critical  (e.g. 
a  user  level  shell),  they  may  use  the  remaining  CPU  time, 
or  if  there  is  no  remaining  time,  they  are  postponed  until 
CPU  resources  are  available. 

Since  the  SNMPD  task  is  not  mission  critical  to  the  em¬ 
bedded  system,  but  rather  provides  support  information  to 
the  management  station,  it  is  considered  part  of  the  non 
real-time  group  of  tasks.  To  address  this  issue,  the  SN¬ 
MPD  task  has  been  designed  to  run  at  any  priority  level. 
The  system  designer  assigns  a  priority  when  the  SNMPD 
task  is  initialized,  or  also  while  it  is  running  through  the 
use  of  SNMP. 
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The  local  CPU  utilization  is  only  one  concern  for  the 
impact  of  the  SNMP  task  on  the  real-time  system.  The 
other  consideration  is  the  bandwidth  requirement  added 
to  the  network.  In  the  SSC  control  system,  each  real-time 
system  will  have  a  fractional  T1  interface.  This  means  that 
a  given  system  will  have  a  dedicated  bi-directional  network 
bandwidth  between  64  kbps  and  1.554  Mbps.  (i.e.  the 
total  bandwidth  is  available  for  transmitting  and  receiving 
data  simultaneously).  Although  the  exact  traffic  patterns 
for  the  SNMP  data  are  not  known  at  this  time,  estimates 
can  be  made  based  on  experience  using  an  existing  NMS  to 
manage  ethemet  networks.  The  NMS  could  query  a  node 
at  some  user  configurable  rate  for  the  network  utilization, 
CPU  utilization  and  a  few  other  parameters.  This  total 
of  about  15  ob,  'icts  could  be  sufficient  to  determine  if  the 
system  is  functioning. 

It  is  estimated  that  each  object  requires  a  packet  of  128 
bytes  to  be  transmitted  on  the  network  with  a  response 
of  the  same  size.  Based  on  this  packet  size,  SNMP  would 
require  1920  bytes  for  a  complete  data  acquisition  cycle.  If 
the  polling  period  is  set  to  one  minute,  then  the  theoretical 
bandwidth  of  a  64kbps  channel  is  480KB/minute,  and  the 
bandwidth  of  a  T1  is  11.7MB/minute.  The  SNMP  traffic 
is  then  0.39  percent  of  the  64  kbps  channel  or  only  0.016 
percent  of  the  full  Tl. 

VIII.  Future  directions 

The  Real-Time  MIB  will  be  expanded  to  provide  addi¬ 
tional  functionality  in  terms  of  Operating  System  config¬ 
uration,  utilization  and  task  maintenance.  Some  of  these 
areas  will  be  threshold  monitoring  for  various  portions  of 
the  MIB  including  sending  out  SNMP  traps  when  the  CPU 
utilization  passes  certain  thresholds.  It  is  desireable  to  be 
able  to  set  task  priorities,  interrogate  memory,  and  pos¬ 
sibly  to  use  SNMP  to  implement  some  debug  capabilities 
for  the  real-time  system.  Each  of  these  areas  are  under 
investigation. 

In  the  areas  of  network  management  protocols,  the  In¬ 
ternet  Engineering  task  force  is  nearing  completion  of  the 
next  generation  of  SNMP,  SNMP  Version  Two,  commonly 
referred  to  as  SNMPv2.  SNMPv2  addresses  manager-to- 
manager  communications,  bulk  data  transfer,  and  security 
enhancements.  It  is  widely  expected  to  be  the  replacement 
for  SNMPvl.  Because  of  this  development,  plans  are  al¬ 
ready  in  place  to  move  the  SSC  Lab  real-time  SNMP  Agent 
to  SNMPv2  compatibility. 

It  is  not  clear  if  or  when  the  SSC  control  system  network 
will  migrate  to  an  OSI-based  network,  but  we  believe  that 
CMOT  for  real-time  systems  is  feasible. 

IX.  Conclusions 

SNMP  seems  quite  well  suited  for  managing  real-time 
systems  in  the  SSC  Lab  control  system.  It  provides  a  com¬ 
mon  management  protocol  for  traditional  network  devices 
as  well  as  UNIX  systems,  real-time  systems  and  possibly 


other  control  system  components.  SNMP’s  wide  vendor  ac¬ 
ceptance  provides  a  common  ground  for  network  manage¬ 
ment.  This  allows  the  SSC  to  manage  its  devices  while  still 
using  commercial  network  management  packages.  With 
a  sufficiently  ad  van  i  ed  NMS,  proactive  network  manage¬ 
ment  should  be  feasible.  The  background  work  put  in  by 
the  Internet  community  •.  ill  allow  following  the  direction  of 
the  community  as  the  sta  dards  migrate  to  newer  versions 
of  technology.  This  will  certainly  provide  some  interest¬ 
ing  challenges  in  implementing  the  network  management 
of  the  SSC  controls  system  network. 
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Abstract 

The  Superconducting  Super  Collider  Laboratory  is  a 
complex  of  accelerators  being  built  in  Ellis  County,  Texas. 
The  SSCL  control  system  consists  of  front-end  proces¬ 
sors  and  their  associated  control  points  remotely  dis¬ 
tributed  from  the  Central  and  Regional  control  rooms. 
Control  messages  passing  between  these  locations  require 
timely  (deterministic)  distribution.  A  prototype  net¬ 
work  consisting  of  point-to-point  links  utilizing  commer¬ 
cial  T1  (1.544  Mb/s)  communication  boards  has  been 
implemented.  These  dedicated  communication  links  will 
replace  networking  services  traditionally  provided  for  by 
shared  medium  networks  like  Ethernet(IEEE  802.3)  and 
FDDI(IEEE  802.5).  A  seamless  migration  will  be  achieved 
by  using  packet  encapsulation  based  on  PPP(Point-to- 
Point  Protocol,  RFC  1171).  All  other  networking  func¬ 
tions  including  routing  and  reliable  delivery  are  still  be¬ 
ing  handled  by  the  usual  internet  services.  A  distributed 
control  system  that  currently  uses  Ethernet  for  communi¬ 
cation  is  being  re-implemented  using  these  point-to-point 
links.  We  will  report  on  throughput  measurements,  tim¬ 
ing  constraints  and  ease  of  transition  to  a  point-to-point 
network. 

I.  Introduction 

The  Superconducting  Super  Collider  imposes  particu¬ 
larly  strict  requirements  for  the  data  networks  used  in  the 
control  and  monitoring  of  accelerator  equipment.  These 
requirements  are  due  to  the  large  size  of  the  site  and  the 
large  number  of  control  points  and  the  complexity  of  the 
equipment  being  controlled  [1], 

II.  SONET  and  T1 

A  high  speed  optical  telecommunications  technology 
called  SONET  [2]  will  be  used  to  carry  data  between  con¬ 
trol  computers.  The  SONET  (Synchronous  Optical  NET- 
work)  standard  [3]  was  developed  by  the  ANSI  accred¬ 
ited  T1X1  committee,  and  provides  cost-effective,  flexi¬ 
ble  networking  using  the  principles  of  direct  synchronous 
multiplexing.  The  use  of  synchronous  multiplexing  al¬ 
lows  multiplexing  of  low-speed  signals  directly  onto  a  high 
speed  backbone  without  the  need  for  intermediate  multi¬ 
plexor  stages.  This  functionality  is  integrated  with  dig¬ 
ital  switching  technology  in  the  Add-Drop  Multiplexor 
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(ADM),  the  device  that  will  be  used  extensively  to  connect 
systems  directly  to  the  optical  backbone  via  lower  speed 
T1  (1.54Mbit)  links.  The  network  management  software 
built  into  the  ADM  allows  the  creation  of  logical  point-to- 
point  links  between  any  two  systems  throughout  the  en¬ 
tire  network.  In  addition  to  this  flexibility  SONET  is  also 
extremely  reliable  with  every  ADM  having  100%  redun¬ 
dancy  including  power-supplies  and  optics,  which  is  im¬ 
portant  when  one  considers  the  availability  requirements 
of  the  network. 

III.  The  Point-to-Point  Protocol 

The  SONET  backbone  provides  the  basic  point-to-point 
connectivity  between  systems,  but  in  order  that  applica¬ 
tion  software  may  use  this  network  a  networking  proto¬ 
col  has  to  be  used.  We  have  selected  the  Internet  Point- 
to-Point  Protocol.  The  Point-to-Point  Protocol(PPP)  [4] 
provides  a  method  for  transmitting  datagrams  over  serial 
point-to-point  links.  PPP  is  comprised  of  three  main  com¬ 
ponents: 

A.  Encapsulation 

PPP  uses  HDLC  [5]  as  a  basis  for  the  encapsulation. 

B.  Link  Control  Protocol 

In  order  to  establish  communications  over  a  point-to- 
point  link,  each  end  of  the  PPP  link  must  first  send  Link 
Control  Protocol  (LCP)  packets  to  configure,  test  the  data 
link,  and  negotiate  optional  facilities. 

C.  Network  Control  Protocol 

A  family  of  Network  Control  Protocols  [6]  (NCPs)  are 
used  in  establishing  and  configuring  different  network- 
layer  protocols.  After  the  link  has  been  established,  each 
host  must  then  send  NCP  packets  to  choose  and  config¬ 
ure  one  or  more  network-layer  protocols.  Once  each  of  the 
chosen  network-layer  protocols  has  been  configured,  data¬ 
grams  from  each  network-layer  protocol  can  be  sent  over 
the  link. 

IV.  Implementation 

A.  Hardware 

The  hardware  currently  in  use  is  a  commercial  VME 
ISDN  card  manufactured  by  Rockwell-CMC  that  contains 
intelligent  ISDN  hardware  (Brooktree  8071)  capable  of 
generating  HDLC  formatted  frames  on  any  combination 
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of  DSO  time  slots.  In  the  future  we  will  use  a  T1  inter¬ 
face  built  onto  a  daughter-board  conforming  to  the  Green- 
springs  Industry  Pak  (IP)  specification.  Several  VM ID- 
based  CPU  manufacturers  have  provided  interfaces  for 
Industry  Pak’s,  notably  Motorola  with  their  MVME162 
which  is  capable  of  carrying  up  to  4  Industry  Pak’s,  each 
capable  of  providing  a  separate  Tl. 

B.  Software 

In  the  current  implementation  on  the  PPP  used  at  SSCL 
all  of  the  LCP  and  NCP  have  been  omitted,  since  there 
is  no  need  for  the  initial  configuration  and  testing  of  links 
that  will  be  established  indefinitely.  During  the  Boot  phase 
of  a  system  there  has  been  some  interest  in  using  LCP 
in  place  of  a  ’bootp’-like  protocol  when  discovering  initial 
configuration  options  such  as  the  IP-address,  since  LCP 
has  the  ability  to  propagate  this  information  to  remote 
hosts.  Additionally  since  we  need  to  communicate  with 
commercial  PPP  implementations  within  routers,  there  is 
a  possibility  we  may  need  to  adhere  more  strictly  to  the 
standard.  Device  drivers  have  been  written  for  SunOS 
(although  not  using  STREAMS  for  portability  reasons), 
LynxOS  and  VxWorks  [7].  The  implementation  for  Vx- 
Works  is  to  support  EPICS  (Experimental  Physics  Indus¬ 
trial  Control  System)  which  will  be  used  for  the  control  of 
all  of  the  technical  systems  associated  with  the  accelerator 
complex. 

V.  EPICS 

EPICS  has  influenced  many  of  the  design  decisions  made 
during  the  development  of  the  device  driver.  EPICS  as¬ 
sumes  an  Ethernet-like  network  architecture  with  all  hosts 
able  to  communicate  with  any  other  host.  More  impor¬ 
tantly  EPICS  assumes  the  existence  of  a  broadcast  facil¬ 
ity  over  all  the  nodes  in  the  system.  It  was  for  this  rea¬ 
son  that  additional  functionality  had  to  be  built  into  the 
driver  to  allow  broadcast  messages  to  be  forwarded  be¬ 
tween  nodes.  The  prospect  of  forwarding  broadcast  mes¬ 
sages  would  cause  network  designers  to  break  out  in  a  cold 
sweat.  We  hope  that  the  ability  to  forward  broadcasts 
will  only  be  used  as  an  interim  solution,  since  the  danger 
of  ’broadcast-storms’  on  a  network  with  as  many  as  2500 
nodes  is  very  real. 

VI.  Tl  Communication 

The  software  has  been  designed  in  such  a  way  as  to  allow 
a  single  host  to  use  any  fraction  of  its  available  bandwidth 
to  communicate  with  another  host. 

As  can  be  seen  from  Diagram  1,  the  Tl  frame  from  each 
of  the  four  hosts,  A  thru  D,  are  split  into  several  channels. 
Within  the  ADM,  each  channel  can  be  routed  to  either  an¬ 
other  host  connected  to  the  same  ADM  or  onto  the  optical 
link,  from  where  it  will  be  removed  by  another  ADM.  If  a 
host  wishes  to  communicate  with  another  host  which  does 
not  have  a  direct  point-to-point  link  via  an  ADM,  the  IP 
forwarding/routing  mechanism  will  pass  the  message  on  to 


the  recipient  host  via  a  host  that  has  a  point-to-point  link 
both  the  sender  and  the  recipient.  Obviously  this  form 
of  ’relayed’  communication  is  slow  and  non-deterministic, 
and  thus  only  non-critical  data  would  take  this  path. 


VII.  Tl  =>  LAN  IP  Router 

It  is  a  requirement  that  every  host  be  able  to  communi¬ 
cate  with  any  other  on  the  network.  In  order  to  make  this 
possible  commercial  routers  will  be  used.  Most  hosts  will 
dedicate  a  fraction  of  their  bandwidth  to  a  direct  commu¬ 
nication  channel  with  a  router,  and,  in  turn,  all  routers  will 
be  connected  together  using  a  high  speed  backbone  (pos¬ 
sibly  FDDI).  In  this  way  any  host  can  talk  to  any  other 
host  with  the  minimum  number  of  ’hops’. 

VIII.  Network  Management 

A.  SONET  Network  Management 

Nearly  5%  of  the  SONET  data  stream  is  allocated  to  pro¬ 
viding  advanced  network  management  and  maintenance. 

B.  SNMP 

The  Simple  Network  Management  Protocol  (SNMP),  is 
a  standard  method  of  managing  networks  from  a  single 
console.  SNMP  allows  the  remote  manipulation  of  MIBs 
(Management  Information  Bases)  which  hold  information 
about  each  node  on  a  network.  These  MIBs  hold  informa¬ 
tion  about  network  interfaces,  CPU  idle  time,  operating 
system,  etc.  In  addition,  the  network  administrator  may 
modify  values  within  the  MIB  to  reset  statistics  or  mark 
interfaces  up  or  down.  The  description  of  these  MIBs  is 
given  in  Abstract  Syntax  Notation  1  (ASN.l)  and  we  are 
developing  a  MIB  to  monitor  specific  aspects  of  a  SONET 
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network,  not  covered  by  the  standard  MIBs,  such  as  line 
bit-error  rates  [8]. 

IX.  Performance 

Two  areas  of  network  performance  are  of  highest  concern 
to  SSC:  determinism  and  throughput. 

A.  Determinism 

One  of  the  reasons  for  choosing  a  point-to-point  network 
over  more  traditional  networking  technology  is  the  need 
for  deterministic  network  performance.  Shared  media  net¬ 
works,  such  as  FDDI  and  Ethernet,  although  common  in 
other  research  centers,  fail  to  provide  reliable  throughput. 
In  accelerator  control  systems  much  of  the  traffic  is  ’bursty’ 
with  many  systems  triggered  on  the  same  ’event’.  This 
type  of  traffic  is  not  handled  well  by  shared  media  networks 
where  all  systems  compete  for  the  same  resource,  leading  to 
catastrophic  failure  unrelated  systems  due  to  network  con¬ 
gestion.  With  a  point-to-point  network,  all  systems  have  a 
pre-determined  available  bandwidth,  which,  although  usu¬ 
ally  less  than  the  peak  bandwidth  available  on  a  shared 
media  network,  is  completely  unaffected  by  other  network 
users.  We  have  conducted  several  tests  to  illustrate  the  im¬ 
proved  determinism  of  a  point-to-point  network  (1.54Mbit 
Tl)  over  a  more  traditional  Ethernet.  In  our  test  we  used 
four  identical  systems.  Three  of  the  systems,  the  ’slaves’, 
received  a  trigger  from  the  fourth,  the  ’master’,  after  which 
they  sent  a  data  packet  to  the  master  using  the  TCP/IP 
protocol,  as  used  by  EPICS.  On  Ethernet,  normal  Ether¬ 
net  encapsulation  was  used,  and  on  the  Tl  network  the 
data  was  carried  using  PPP. 


Table  1:  Performance  Measurements 


No.  Hosts 

o'  Mess? 

Tl 

ige  Delay  (ps) 
Ethernet 

1 

220.86 

168.26 

2 

220.20 

459.96 

3 

221.95 

777.80 

As  one  can  see  from  the  table  above,  the  Tl  network 
performance  was  unaffected  by  the  number  of  systems  us¬ 
ing  the  network,  and  the  packet  arrival  time  was  well 
bounded.  The  Ethernet  performance,  however,  demon¬ 
strated  the  contention  problems  of  a  shared  media  net¬ 
work. 

B.  Throughput 

The  measurable  network  performance  is  unfortunately 
adversely  affected  by  the  current  implementation  of  the 
Tl  interface  in  the  form  of  a  separate  intelligent  VME 
card.  Taking  this  into  account,  we  have  been  encouraged 
by  the  performance  of  the  current  implementation.  We 
have  observed  85%  of  the  maximum  theoretical  throughput 
with  very  little  load  on  the  host  CPU.  These  figures  are 


likely  to  improve  with  the  introduction  of  a  daughter  board 
Tl  implementation  since  much  of  the  buffer  manipulation, 
which  seems  to  be  the  bottle-neck  with  the  current  version, 
will  be  more  more  efficient  with  a  local  bus.  In  addition, 
the  external  Tl  board  has  no  DMA  capability,  and  the 
CPU,  a  Motorola  68020,  is  much  less  powerful  than  that 
available  on  the  Motorola  MVME162. 

X.  Conclusions 

As  future  network  protocols  and  traffic  types  emerge, 
the  Point-to-Point  Protocol  should  be  able  to  carry  them. 
If  not,  the  IIDLC  framing  used  by  the  PPP  is  the  same 
as  that  used  by  emerging  standards  such  as  ATM,  which 
means  that  the  network  infrastructure  will  not  need  to  be 
changed  to  carry  other  HDLC  traffic  as  well.  The  use  of 
high  speed  point-to-point  networking  is  a  departure  from 
more  traditional  accelerator  control  systems.  This  deci¬ 
sion  has  enabled  us  to  design  a  flexible,  cost-effective  net¬ 
working  solution  that  will  meet  the  demanding  require¬ 
ment  of  such  a  large  complex.  In  addition,  the  extensibil¬ 
ity  of  SONET  technology,  coupled  with  the  long  lifetime 
of  telecommunications  hardware,  means  that  the  network 
will  be  able  to  grow  to  meet  any  future  requirements  of  the 
control  system. 
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Abstract 

The  Superconducting  Super  Collider  Laboratory  im¬ 
poses  particularly  strict  requirements  on  data  networks 
used  in  the  control  and  monitoring  of  accelerator  equip¬ 
ment.  These  requirements  are  a  consequence  of  the  large 
size  (approximately  100  km  of  accelerators),  large  num¬ 
ber  of  control  points  (544,000),  and  the  complexity  of  the 
equipment.  An  overview  of  the  technical  systems  to  be 
monitored  and  the  projected  data  rates  is  presented,  em¬ 
phasizing  systems  with  stringent  data  communications  re¬ 
quirements.  We  can  characterize  these  requirements  in 
terms  of  expected  network  traffic,  network  throughput  or 
average  latency.  Analysis  of  these  traffic  patterns  as  ap¬ 
plied  to  different  network  architectures  will  aid  in  identify¬ 
ing  the  essential  components  of  the  final  network  architec¬ 
ture  which  meets  or  exceeds  these  requirements.  We  will 
report  on  the  design  decisions  and  initial  results  of  perfor¬ 
mance  tests  on  the  controls  communications  network. 

1  Introduction 

BUBBANET  (Bidirectional  Underground  Big  Big  Ac¬ 
celerator  NET  work)  is  the  data  communications  network 
to  be  used  to  control  the  accelerators  of  the  Supercon¬ 
ducting  Super  Collider  Lab  (SSCL).  The  SSCL  consists  of 
a  series  of  proton  accelerators  being  built  around  the  town 
of  Waxahachie  Texas.  It  will  consist  of  a  600  MeV  Lin¬ 
ear  Accelerator  (Linac),  a  12  GeV  synchrotron  (LEB),  a 
200  GeV  synchrotron  (MEB),  a  2  TeV  Superconducting 
Synchrotron  (HEB)  and  a  dual  counter-rotating  20  TeV 
Superconducting  Collider. 

2  Accelerator  Control  System 

The  SSC  accelerator  control  system  is  classified  into 
Beam  related  controls  (RF,  Magnet  Power  supplies,  Beam 
Instrumentation)  and  Process  Controls  (Cryogenics,  Vac¬ 
uum,  Low  Conductivity  water).  The  process  controls  will 
not  be  considered  in  this  document.  The  SSC  Accelera¬ 
tor  Beam  Controls  uses  a  suite  of  software  tools,  originally 
developed  at  Los  Alamos  National  Laboratory  (LANL), 
and  further  enhanced  at  Argonne  National  Laboratory 
(ANS)  called  EPICS  [1].  In  addition  to  LANL  and  the 
SSCL,  EPICS  is  also  used  for  controls  at  Argonne  Na¬ 
tional  Laboratory  (APS),  Lawrence  Berkeley  Laboratory 

‘operated by  the  Universities  Research  Association,  Inc.,  for  the  U.S. 
Department  of  energy  under  Contract  No.  DE-AC02-89ER40486 


Figure  1:  SSCL  Accelerators 


(ALS),  DESY  (Tesla)  and  at  Duke  University  (Free  Elec¬ 
tron  Laser).  EPICS  has  two  classes  of  system,  Real-Time 
VME  or  VXI  systems  called  Input-Output  Controllers 
(IOCs),  and  Workstations  running  UNIX.  The  SSC  ac- 


Table  1:  SSC  Control  requirements 


Machine 

IOCs 

Control 

Points 

Size 

Cycle 

Time 

LINAC 

54 

6,000 

.Is 

LEB 

106 

23,000 

500m 

.Is 

MEB 

120 

27,000 

4km 

3s 

HEB 

250 

58,000 

11km 

12s 

COLL 

1450 

430,000 

87km 

3000s 

celerator  control  system  is  comprised  of  Front-End  Elec¬ 
tronics  Crates,  Supervisory  Control  Crates  and  Back-End 
Crates.  The  Front-End  IOCs  provide  the  first  level  of  con¬ 
trol  of  the  technical  systems.  Supervisory  Control  IOCs 
provide  real-time  control  and  act  as  data  concentrators  for 
a  number  of  Front-End  crates.  Back-End  systems  (Unix 
Workstations  and  IOCs)  provide  high  level  functions  such 
as  operator  interface,  alarm  handling  and  archiving.  The 
three  levels  are  not,  however,  enforced.  Back-end  comput¬ 
ers  can  read  data  from  a  Front-End  IOC  without  passing 
through  a  Supervisory  Crate  CPU. 
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4  Local  Area  Networks 


Figure  2:  Control  system  data  flows 

3  Communications  Requirements 

The  control  system  has  half  a  million  control  points  and 
two  thousand  computer  nodes  spread  around  one  hundred 
kilometers  of  network.  The  availability  requirement  for  the 
communication  system  is  less  than  10  hours  unscheduled 
down  time  per  year. 

Accelerators  are  characterized  by  having  much  of  the 
demand  for  network  bandwidth  being  concurrent,  at  times 
such  as  injection.  At  other  times,  such  as  during  coast,  the 
networks  are  relatively  quiet. 

Systems  for  power  control,  including  Kicker  magnets, 
Corrector  Magnets,  Ring  Magnets  and  Quench  Protection, 
will  have  a  supervisor  crate  monitoring  a  number  of  slave 
VME  crates  at  data  rates  of  up  to  64  kbits/sec.  Ring 
Magnets  and  Quench  Protection  also  require  determinis¬ 
tic  communication  with  1ms  maximum  response  time  over 
distances  of  up  to  40km. 

RF  control  crates  will  be  grouped  for  each  machine  at  a 
single  location.  At  that  location  a  supervisor  will  control 
the  groups  of  three  crates  required  to  control  each  cavity. 
Data  rates  are  1  M  bit/sec  per  cavity  to  the  RF  supervisor 
for  that  machine. 

Beam  Instrumentation  will  also  have  a  supervisor,  acting 
mainly  as  a  data  concentrator,  to  avoid  each  user  simul¬ 
taneously  asking  for  data  from  the  many  crates  supplying 
beam  information  data.  Each  of  the  Beam  Instrumenta¬ 
tion  crates  requires  up  to  64  kbit/sec  bandwidth. 

Total  network  traffic  is  greater  than  1  Gbit/sec  (peak). 
Much  of  the  data-flow  is  hierarchical,  with  little  data  flow 
between  a  front  end  computer  node  and  its  peers. 

Because  of  these  factors  it  was  required  to  design  a  net¬ 
work  infrastructure  which  provided  high  reliability,  long 
lifetime  and  deterministic  performance,  used  commercial 
components,  and  had  bandwidth  management,  perfor¬ 
mance  monitoring,  fault  analysis,  and  extensibility. 


Commonly  used  Local  Area  Networks  used  to  link  com¬ 
puters  do  not  meet  the  requirements  of  the  SSCL.  CSMA 
networks  like  Ethernet  are  not  deterministic,  and  are  lim¬ 
ited  in  distance  and  bandwidth.  Higher  speed  token  pass¬ 
ing  networks,  such  as  FDDI,  are  limited  by  the  single  token 
causing  deteriorating  response  times  as  network  size  and 
number  of  nodes  increases.  When  sending  short  packets 
over  large  FDDI  rings,  as  is  often  the  case  in  a  control 
system,  actual  realisable  bandwidth  is  much  less  than  the 
theoretical  maximum,  down  to  1%  when  transmitting  60 
byte  packets  over  a  100km  ring. 

Newer  networking  technology,  such  as  Asynchronous 
Transfer  Mode  (ATM)  and  Scalable  Coherent  Interface 
(SCI),  may  be  appropriate  in  the  future,  but  are  not  yet 
mature,  or  even  stable. 

5  BUBBANET  Infrastructure 

The  BUBBANET  infrastructure  is  a  layered  communi¬ 
cation  system  designed  to  meet  the  present  and  evolving 
needs  of  the  SSC  accelerator  controls  network  users.  It  is 
designed  on  a  number  of  layers  designed  to  be  complemen¬ 
tary  but  allowing  future  requirements  to  change  one  layer 
without  modifying  the  others. 

5.1  Fiber  optic  cable 

The  first  layer  in  the  BUBBANET  will  be  an  installed  in¬ 
frastructure  of  single-mode  fiber  optic  cable.  Single-mode 
fiber  was  chosen  for  a  number  of  reasons.  Using  present 
day  technology,  it  has  a  much  higher  information  carrying 
capacity  than  multi-mode  fiber  or  coaxial  cable.  Its  latent 
information  carrying  capacity  is  very  high,  allowing  future 
upgrading  of  electronics  to  provide  more  bandwidth  with¬ 
out  installing  more  fiber.  Modern  single-mode  fiber  is  more 
resistant  to  damage  by  ionizing  radiation  than  multi-mode 
fiber.  Fiber  optic  cable  takes  up  much  less  volume  than 
coaxial  cable.  Single-mode  fiber  is  cheaper  than  multi- 
mode  or  coaxial  cable. 

5.2  SONET 

Synchronous  Optical  NET work  (SONET),  has  been  cho¬ 
sen  as  the  transport  service  running  over  the  single-mode 
fiber.  It  is  a  standard  for  the  transport  of  Time  Divi¬ 
sion  Multiplexing  (TDM)  channels  over  high  bandwidth 
links.  SONET  multiplexors  are  available  from  many  ven¬ 
dors,  at  data  rates  from  OC1  (50  Mbits/sec)  to  OC48  (2 
Gbits/sec).  SONET  has  a  number  of  advantages  over  older 
generations  of  multiplexors.  It  is  an  International  Stan¬ 
dard,  compatible  (at  150  Mbits/sec  and  above)  with  Eu¬ 
rope.  It  does  not  have  a  practical  bandwidth  limit;  new 
technology  can  increase  the  maximum  bandwidth  of  equip¬ 
ment  while  still  retaining  compatibility  with  the  standard. 
It  has  a  very  rich  set  of  built-in  network  management  fa¬ 
cilities  for  monitoring  and  provisioning  (setting  up  of  the 
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network).  Being  synchronous,  low  speed  data  streams  can 
be  extracted  without  disturbing  other  traffic.  A  multi¬ 
plexor  providing  this  ‘in  line’  de-multiplexing  is  called  an 
add-drop  multiplexor  (ADM).  Slow  speed  channels  (time- 
slots)  can  be  rearranged  in  the  high  speed  data-stream,  al¬ 
lowing  grouping  or  redirecting  of  individual  channels  with¬ 
out  switching.  This  is  termed  grooming. 

5.3  T1 

SONET  links  will  link  all  equipment  locations,  but  the 
control  system  interface  to  the  VME  equipment  crates  will 
not  be  at  SONET  rates.  The  SONET  network  infras¬ 
tructure  will  carry  T1  TDM  channels  operating  at  1.544 
Mbits/sec.  Interface  to  all  VME  equipment  crates  will  be 
at  this  rate.  Each  of  these  T1  interfaces  can  itself  transport 
24  of  the  64  Kbit/sec  point-to-point  channels  [2].  Each 
of  these  channels  can  have,  by  using  SONET  grooming, 
a  different  destination.  As  each  of  these  channels  uses  a 
dedicated  time-slot  on  the  TDM  data-stream,  it  provides 
a  deterministic  response  time  required  by  systems  such  as 
magnet  power  supply  controllers.  This  also  suits  the  classi¬ 
cal  hierarchical  controls  that  characterize  many  of  the  SSC 
systems. 

5.4  Higher  Level  Protocols 

The  T1  byte-stream  is  formatted  nuo  HDLC  frames  on 
each  Channel,  thus  adding  the  required  structure  to  format 
‘messages’  and  providing  a  checksum.  Although  point-to- 
point  transport  meets  many  requirements,  including  low 
response  time  dedicated  links  over  the  entire  geographic 
area  of  the  complex,  some  systems  require  the  ability  to 
select,  at  run  time,  data  from  any  of  the  two  thousand 
crates  in  the  control  system.  To  meet  this  requirement,  the 
links  use  the  Internet  Point  to  Point  Protocol  (PPP)  which 
is  used  to  set  up  a  TCP/IP  service.  Thus,  with  the  addition 
of  nodes  acting  as  routers,  full  connectivity  is  obtained,  and 
the  standard  EPICS  communication  paradigm  (which  uses 
TCP)  is  supported.  Commercial  routers  are  available  from 
industry  which  support  PPP  protocol  over  channelized  T1 
which  are  compatible  with  BUBBANET. 

6  Performance  Testing 

A  prototype  BUBBANET  communication  system  has 
been  built,  consisting  of  SONET  Add-Drop  Multiplexors, 
Commercial  VME  channelized  T1  interfaces,  and  drivers 
for  VxWorks,  Lynx  and  SunOS.  Performance  has  been 
measured  and  compared  against  SSC  requirements.  Op¬ 
erating  under  the  VxWorks  real-time  operating  system, 
BUBBANET  achieves  an  application  to  application  re¬ 
sponse  time  of  1ms.  and  throughput  per  node  approaches 
200  K  bytes/sec  with  no  degradation  under  maximum  load 
conditions.  This  meets  all  the  requirements  for  the  SSC 
control  system.  BUBBANET  has  also  been  successfully 
tested  with  the  EPICS  software  that  will  be  used  for  the 


Figure  3:  BUBBANET  Layers 


control  system.  The  first  Accelerator  to  use  BUBBANET 
will  be  the  Linac,  to  be  installed  in  July. 

7  Other  Services 

The  infrastructure  of  BUBBANET  is  not  restricted  to 
Controls  Data  Communication.  T1  links  will  also  be  used 
to  transport  live  video,  and  a  Message  Broadcast  System. 
Live  video  will  use  JPEG  data  compression,  to  reduce  the 
bandwidth  of  the  video  signal  for  transport  over  a  1.544  M 
bit/sec  T1  link.  Live  video  will  be  used  in  the  Personnel 
Access  Safety  System  for  surveillance  and  for  Beam  Instru¬ 
mentation  for  the  transmission  of  the  image  of  phosphor 
screens  in  the  beam  pipe.  The  Message  Broadcast  System 
[3]  will  be  used  to  transport  timing  and  synchronization 
messages  around  the  accelerator  complex. 

8  Conclusions 

The  use  of  international  standards  and  commercial 
equipment  on  a  layered  communications  infrastructure, 
has  enabled  BUBBANET  to  be  rapidly  developed.  BUB¬ 
BANET  meets  the  very  demanding  requirements  of  the 
SSC  for  reliability,  throughput,  and  response  time.  The 
use  of  SONET  has  allowed  other  services  such  as  live  video 
and  timing  to  share  the  infrastructure. 
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Abstract 

The  control  system  for  the  Pohang  Light  Source(PLS), 
under  construction,  is  a  large  scale  distributed  computer 
control  system  which  can  manipulate  approximately  7000 
signals.  It  has  a  hierarchical  structure  with  two  hetero¬ 
geneous  data  communication  networks.  The  upper  level 
network  is  a  baseband  Ethernet  to  link  operator  console 
computers  with  Subsystem  Control  Cpmputers.  The  lower 
level  network  is  a  MIL-STD-1553B  multidrop  field  bus 
which  connects  each  Subsystem  Control  Computer  with 
VME  based  local  controllers.  In  this  control  system  struc¬ 
ture,  frequent  modification  of  local  control  software  during 
system  commissioning  and  maintenance  periods  requires 
repeated  installations  of  developed  software  on  the  local 
controllers,  which  are  distributed  along  the  280  circumfer¬ 
ence  of  the  storage  ring.  This  paper  describes  the  con¬ 
struction  of  a  software  gateway  which  is  a  specific  kind  of 
network  server,  to  interconnect  the  two  different  networks 
so  that  an  operator  in  the  upper  level  network  is  able  to 
access  any  low  level  local  control  computer  transparently. 

1.  INTRODUCTION 

The  Pohang  Light  Source(PLS)  control  system  has  a  hi- 
e.arcIJcal  structure  with  distributed  intelligence  and  au- 
t  worrous  processing  units  as  shown  in  Fig.l. 

Laboratory  Network 


The  hierarchy  consists  of  four  layers  with  different  roles. 
The  four  layers  are  the  computing  service  layer,  the  hu¬ 
man  interface  layer,  the  subsystem  control  layer  and  the 
machine  interface  layer.  The  computing  service  layer  is 
the  UNIX  based  host  computers  for  mathematical  model¬ 
ing  system  simulation  and  off-line  data  analysis.  The  hu¬ 
man  interface  consists  of  six  console  computers  equipped 
as  graphical  engineering  workstations.  These  console  com¬ 
puters  are  linked  with  the  host  computer  and  the  sub¬ 
system  computers  via  Ethernet.  The  Subsystem  Con¬ 
trol  Computers(SCC)  are  microprocessor  assemblies  in  a 
standard  VMEbus  crate  and  the  drive  Machine  Interface 
Unit(MIU)  clusters  through  the  1  Mbit/sec  MIL-STD- 
1553B  serial  multidrop  field  bus.  Each  MIU,  which  is  also 
based  on  the  VMEbus  and  the  Motorola  680x0  micropro¬ 
cessor  family,  can  use  various  protocols  to  interface  with 
machine  components. 

In  order  to  develop  an  integrated  and  standardized  soft¬ 
ware  for  such  a  large  scale  distributed  control  system,  a 
powerful  software  development  environment  providing  nec¬ 
essary  development  tools  should  be  arranged. 

The  software  development  system  consists  of  a  develop¬ 
ment  host,  mass  storage  devices,  printers,  and  communi¬ 
cation  network  to  the  target  systems.  The  development 
host  uses  X-windows  as  graphics  basis,  and  is  equipped 
with  various  development  tools,  utilities,  and  libraries.  All 
SCC’s  and  MIU’s  should  be  able  to  share  these  resources 
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through  the  network,  so  that  developed  software  can  be 
downloaded  to  the  target  system,  tested  and  modified  re¬ 
motely. 

However,  the  PLS  control  system  has  two  heterogeneous 
data  communication  networks.  The  upper  level  network 
uses  a  baseband  Ethernet  to  link  operator  console  com¬ 
puters  and  de\ .  nent  workstations  with  SCC’s.  The 
lower  level  network  is  a  MIL-STD-1553B  multidrop  field 
bus  which  connects  each  SCC  with  it’s  MIU’s.  M1L-1553B 
is  used  because  of  it’s  deterministic  behavior,  standard 
chip,  noise  immunity  and  galvanic  insulation.  Develop¬ 
ment  hosts  in  the  upper  level  network  cannot  access  MIU’s 
in  the  lower  level  network  transparently.  One  way  to  solve 
this  problem  is  to  construct  a  software  gateway  on  the  SCC 
to  interconnect  the  two  different  networks. 


Development  Host  SCC  ILC 


2.  GATEWAY  FOR  INTERNETWORK 


A  gateway  is  a  system  that  interconnects  two  or  more 
distinct  networks  so  that  computers  on  one  network  are 
able  to  communicate  with  computers  on  another  network. 
Considering  the  OSI  7-layer  model,  we  have  to  choose  the 
layer  at  which  a  gateway  operates, depending  on  the  type 
of  translation  and  forwarding  done  by  the  gateway.  In  the 
PLS  control  system,  one  of  the  goals  of  the  internetwork 
connection  is  to  support  remote  login  and  file  transfer  ser¬ 
vices  from  the  Ethernet  based  development  host  to  MIUs 
on  the  MIL-STD-1553B  field  bus.  Adoption  of  a  standard 
protocol  suite  such  as  TCP/IP  enables  us  to  reduce  soft¬ 
ware  development  efforts. 

Fortunately,  the  SCC’s  and  the  MIU’s  run  Microware 
System’s  OS-9  as  their  operating  system.  Currently,  OS- 
9  supports  TCP/IP  protocols  and  provides  an  Ethernet 
network  device  driver.  Furthermore,  the  UNIX  based  host 
computer  on  Ethernet  uses  TCP/IP  for  it’s  communication 
protocol.  Under  the  TCP/IP  protocol  suite,  interconnec¬ 
tion  of  two  networks  is  simple  and  straight  forward.  If  we 
have  an  internet  of  Ethernet  and  MIL-STD-1553B  that 
both  use  TCP/IP  protocols,  no  translation  of  protocols  is 
required.  Instead,  the  gateway  only  needs  to  forward  pack¬ 
ets  from  one  network  to  another.  The  IP  layer  is  responsi¬ 
ble  for  this  forwarding  of  packets.  Each  IP  packet  contains 
enough  information(i.e.,  its  final  destination  address)  for 
it  to  be  routed  through  the  TCP/IP  internet  by  itself.  An¬ 
other  advantage  of  a  TCP/IP  gateway  is  that  OS-9  sup¬ 
ports  a  socket  library  for  network  programming, which  we 
can  use  to  develop  communication  software  through  the 
MIL-STD-1553B. 

Fig.  2  shows  the  structure  of  the  TCP/IP  gateway  which 
was  implemented  for  the  PLS  system.  The  implemented 
gateway,  which  was  installed  on  an  SCC,  has  two  network 
interfaces  under  the  IP  layer.  One  is  an  Ethernet  inter¬ 
face  and  the  other  is  a  MIL-STD-1553B  interface.  The 
MIL-STD-1553B  interface,  which  corresponds  to  a  data 
link  layer  and  physical  layer  in  the  OSI  model,  has  the 
hardware  characteristics  shown  in  Tables  1  and  2. 


Fig2.  TCP/IP  Gateway 


Framing 

Invalid  Manchester  Coding 

Flow  Control 

Subsystembusy  bit 
in  Status  word 

Error  Control 

Status  Response, Parityu  bit 
for  each  word 

Link  Management 

Bus  Controller, C/R 

Table  1.  MIL-STD-1553B  Data  Link  Layer 


Application 

DoD  Avionics 

Data  Rate 

1  Mbps 

#  of  Data  bits/Word 

16 

Word  Length 

20  bits 

Transmission 

Technique 

Half  Duplex 

Operation 

Asynchronous 

Encoding 

Manchester 

Bus  Cabling 

Biphase 

Transformer 

Bus  Control 

Single  or  Multiple 

Transmission  Media 

Twisted  pair  shield 

Table2.  MIL-STD-1553B  Physical  Layer 


3.  NETWORK  DEVICE  DRIVER  FOR  OS-9 

OS-9  has  a  modularized  I/O  structure.  It  has  four  levels 
of  modularity  including  the  kernel,  file  managers,  device 
drivers,  and  device  descriptors.  The  kernel  maintains  the 
I/O  system  for  OS-9.  It  provides  the  first  level  of  I/O 
service  by  routing  system  call  request  between  processes, 
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the  appropriate  file  managers,  and  device  drivers.  Since 
the  network  interface  software  is  embedded  in  this  modu¬ 
larized,  layered  structure,  our  major  concern  was  focused 
on  the  network  file  manager,  IFMAN,  which  all  the  net¬ 
work  drivers  should  interact  with. 


Fig3.  OS-9  TCP/IP  Software 


Fig.  3  shows  the  network  interface  software  structure 
in  OS-9.  IFMAN  is  below  the  IP  layer  and  above  the 
NIF(Network  InterFace)  which  correspond  to  the  device 
driver  and  the  descriptor.  In  order  to  interface  the  DDC 
BUS  65522  II  MIL-STD-1553B  network  hardware,  a  de¬ 
vice  driver,  ”bus65522”,  and  the  corresponding  descriptor 
"milO”,  was  developed  .  The  device  descriptor  is  a  small 
table  which  contains  network  information  .such  as  the  Max¬ 
imum  lYansfer  Unit(MTU),  the  IP  address,  the  physical 
address  of  the  port,  and  initialization  data.  In  Fig.  3, 
the  shaded  part  represents  the  new  driver  attached  to  the 
existing  OS-9  network  system.  The  major  jobs  for  devel¬ 
opment  of  ”bus65522”  were  MIL-STD-1553  bus  control, 
address  resolution  and  packet  fragmentation.  MIL-STD- 
1553B  consists  of  a  Bus  Controller(BC),  Remote  Termi- 
nals(RT)  and  a  twisted  shielded  pair  wire  data  bus.  Unlike 
Ethernet,  on  which  every  node  has  a  unrestricted  access 
rights  to  the  main  bus,  MIL-1553B  reserves  exclusive  ac¬ 
cess  rights  to  the  BC  only.  Therefore  we  must  include 
a  polling  process  on  the  BC  to  recognize  the  individual 
RT’s.  The  polling  process  gathers  information  about  bus 
requests  from  RT’s  and  maintains  this  data  on  it’s  local 
table,  so  that  the  BC  controls  data  flow  for  all  transmis¬ 
sions  on  the  bus.  The  other  issue  during  development  of 
”bu865522”  was  address  resolution.  Application  software 
such  as  TELNET  uses  a  logical  address(IP  address),  while 
the  network  driver  needs  a  RT  address  for  the  actual  trans¬ 
mission.  We  managed  this  problem  by  using  host  ID  field 
in  the  IP  address  as  the  RT  address,  for  simplicity.  An¬ 


other  problem  we  considered  was  packet  fragmentation. 
The  MTU  of  the  Ethernet  is  1500  bytes  and  that  of  MIL- 
STD-1553B  is  64  bytes,  therefore  a  large  Ethernet  packet 
should  be  segmented  into  smaller  packets  for  transmission 
on  MIL-STD-1553B.  However,  fortunately,  the  IP  proto¬ 
col  was  developed  considering  this  situation,  and  we  let 
the  IP  layer  handle  packet  fragmentation  and  reassembly 
internally. 


4.  CONCLUSION 

For  implementation  of  the  PLS  control  system  software 
development  environment,  a  TCP/IP  gateway  was  con¬ 
structed  on  the  SCC.  It  interconnects  the  upper  level  net¬ 
work,  Ethernet,  and  the  lower  level  MIL-STD-1553B  field 
bus.  To  check  remote  login  function  of  the  implemented 
gateway,  a  TELNET  service  test  was  performed.  It  was 
proven  that  an  operator  at  the  ho6t  computer  can  ac¬ 
cess  any  MIU  transparently.  Also,  the  FTP  service  was 
tested  by  sending  a  67796  byte  file  to  one  of  the  MIU’s. 
Even  though  the  transmission  speed  was  rather  slow  due  to 
the  protocol  conversion  overhead,  the  file  was  successfully 
transferred.  After  the  test,  the  developed  gateway  was  in¬ 
stalled  on  the  SCC  and  has  been  used  by  the  PLS  software 
team  satisfactorily.  An  operator  at  a  console  computer  can 
download  developed  software  to  a  local  controller  for  re¬ 
mote  testing  and  debugging.  Also,  using  a  set  of  in-house 
developed  local  controller  access  services,  we  can  run  ap¬ 
plication  tasks  on  the  console  computers.  We  expect  the 
gateway  to  serve  as  a  platform  for  various  applications  to 
MIL-STD-1553B  internetworking. 
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Abstract 

The  CEBAF  accelerator  is  controlled  by  an 
automated  system  consisting  of  SO  computers  connected  to 
machine  hardware  and  another  20  to  30  computers  used  for 
displaying  machine  data.  The  control  system  communication 
software  must  manage  the  inter-machine  communication  of 
these  computers.  Each  of  the  different  segments  of  software 
that  make  up  the  machine  control  system  is  treated  as  data 
sources  and  data  sinks,  with  a  single  process  mediating  the 
transfer  of  all  data  between  any  data  source/data  sink  pair.  The 
mediating  process  is  called  the  Star.  This  dynamically 
configured  process  keeps  track  of  all  available  machine  data 
posted  by  data  sources  and  of  all  data  requested  by  data  sinks. 
Data  transmission  rates  through  the  Star  are  kept  low  by 
sending  only  data  that  is  requested  by  other  control  software, 
and  then  only  when  the  value  of  the  data  changes.  The  system 
is  entirely  response-driven,  with  the  Star  process  taking  action 
only  at  the  request  of  either  a  data  source  or  a  sink.  The 
software  for  the  communication  is  written  using  standard  C 
code  and  TCP/IP  sockets,  making  the  communication 
software  platform  independent 

I.  INTRODUCTION 

The  control  system  in  place  at  CEBAF  in  the  fall  of 
1991  used  reflected  memory  to  transport  data  between  the  data 
sources  and  data  sinks.  The  machine  information  that  was 
produced  at  the  data  sources  was  stored  in  a  block  of  shared 
memory.  This  block  of  shared  memory  was  copied  from  the 
data  source  machines  to  the  data  sink  machines  by  custom 
software  which  ran  continuously,  cycling  constantly.  Some 
fraction  of  the  total  CPU  time  on  every  machine  was  devoted 
to  performing  this  operation.  In  addition,  all  applications 
which  used  the  data  were  forced  to  poll  the  appropriate 
memory  locations  in  order  to  determine  if  the  value  of  the  data 
had  changed. 

Although  this  technique  was  effective  for  small 
systems,  it  became  a  burden  as  die  amount  of  machine  data  to 
be  transferred  increased.  Once  the  complete  CEBAF  injector 
was  installed,  the  cryomodules  that  are  part  of  the  injector 
increased  the  volume  of  machine  data  dramatically.  The 
increase  in  machine  data  caused  a  corresponding  increase  in 
the  time  taken  to  pass  the  blocks  of  shared  memory  over  the 
network.  This  resulted  in  a  significant  increase  in  response 
time  to  operator  input.  It  was  clear  that  as  more  of  the 
accelerator  was  installed,  the  performance  of  the  system 
would  degrade  so  much  that  the  machine  would  be  very 
painful  to  operate.  A  new  data  transfer  paradigm  was  needed. 

0.  A  COMMUNICATIONS  PARADIGM 


*  Supported  by  DOE  contract  DE-AC05-84ER40150. 


In  order  to  create  the  new  data  transfer  paradigm,  the 
strengths  and  weaknesses  of  the  existing  system  were 
examined.  The  following  requirements  of  the  communication 
protocol  were  deemed  necessary  for  the  new  software: 

•  The  communications  should  be  connection-based,  so  it 
would  be  clear  at  either  end  of  a  connection  when  the  other 
end  had  been  closed.  This  would  greatly  simplify  the 
bookkeeping  associated  with  the  data  transfer. 

•  The  database  organization  associated  with  data  transfer 
should  be  dynamically  allocated.  It  should  be  clear  when 
new  machine  data  sources  are  added  to  the  system  and  are 
available  to  data  sinks. 

•  The  complexities  of  the  network  transfer  should  be 
concentrated  on  a  single  computer.  This  increases  the 
average  size  of  the  network  packets,  making  the  network 
data  transfers  more  efficient.  It  also  minimizes  the  CPU 
effort  devoted  to  communications  on  the  data  source  and 
data  sink  computers. 

•  The  data  flow  should  be  based  on  a  single  request-multiple 
reply  query  protocol.  This  minimizes  the  overhead 
associated  with  maintaining  a  data  flow  channel. 

•  Data  should  be  transferred  only  as  it  changed.  It  made  no 
sense  lo  burden  the  communication  software  with  the 
delivery  of  data  that  provided  a  data  sink  with  no 
additional  information. 

•  Hie  communications  software  should  be  as  general  as 
possible,  to  simplify  porting  to  new  computer  platforms. 

In  order  to  fulfill  the  desired  requirements  of  the 
communications  paradigm,  the  logical  topology  to  use  is  a 
star.  This  organization,  with  a  single  central  computer,  allows 
the  total  system  throughput  to  be  governed  by  the  performance 
of  that  computer.  The  central  computer  (which  was  named, 
rather  simply,  the  "Star")  could  be  a  system  with  as  much 
CPU  horsepower  as  was  needed  to  adequately  handle  the 
expected  load  of  the  complete  accelerator. 

III.  FUNCTION  OF  THE  STAR 

The  Star  computer  is  fundamentally  just  a  manager  of 
the  dataflow  between  the  data  sources  and  the  data  sinks.  Its 
principal  task  is  to  forward  data  requests  from  data  sinks  to 
data  sources,  and  to  forward  data  responses  from  the  sources 
back  to  the  sinks.  In  addition,  the  intelligence  for  the  control 
of  data  traffic  is  kept  in  the  Star.  This  allows  the  sources  and 
sinks  to  be  ignorant  The  data  source  does  not  have  to  keep 
track  of  the  destination  of  all  of  the  data  flowing  out,  and  tire 
data  sink  does  not  have  to  be  aware  of  the  source  of  the  data 
that  comes  into  it 

In  order  to  accomplish  the  management  of  the 
dataflow,  the  Star  keeps  three  interrelated  data  structures.  The 
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first  data  structure  is  a  hash  table  that  contains  a  reference  to 
every  piece  of  data  available  from  any  data  source.  The 
second  is  a  sink  table,  used  to  associate  die  current  data  sinks 
with  the  data  sources  from  which  the  data  items  originate. 

The  third  data  structure  is  a  source  table,  which  associates  the 
current  data  sources  with  the  data  sinks  that  have  made 
requests  for  data  values. 

The  hash  table  associates  with  each  table  entry  an 
identifier  that  indicates  from  which  data  source  the  relevant 
data  item  originates.  The  hash  table  is  used  when  a  data  sink 
makes  a  request  for  a  data  element.  If  the  data  element  is 
found  in  the  hash  table  then  a  request  for  the  data  value  is 
forwarded  to  the  appropriate  data  source.  If  the  data  element 
is  not  found  in  the  hash  table,  then  the  data  sink  is  informed 
that  the  data  is  not  available. 

Once  a  data  value  has  been  requested  by  a  data  sink 
process  and  the  data  element  is  found  in  the  hash  table,  the 
data  sink  table  and  data  source  table  must  be  altered.  The  sink 
table  is  used  to  keep  track  of  which  data  elements  have  been 
requested  by  which  sinks.  In  the  event  that  one  of  the  sinks 
terminates,  this  table  is  used  to  identify  those  data  elements 
which  the  data  sink  had  requested. 

The  other  data  structure,  the  source  table,  is  similar  to 
the  sink  table.  The  source  table  is  used  to  keep  track  of  which 
data  elements  are  being  supplied  by  each  data  source.  In  the 
event  that  a  data  sink  process  terminates,  this  table  is  used  to 
inform  the  associated  data  sinks  that  the  requested  data 
elements  are  no  longer  available.  In  addition,  the  source  table 
is  used  to  track  how  many  requests  have  been  made  for  each 
data  element.  When  a  data  element  is  requested  by  multiple 
sinks,  only  a  single  request  is  made  of  the  responsible  data 
source.  It  is  not  until  the  data  is  no  longer  needed  by  any  sink 
that  the  request  for  data  from  the  source  is  terminated. 

IV.  TESTING  OF  THE  STAR 

It  was  necessary  to  make  a  good  estimate  of  the  | 

ultimate  load  on  the  Star  once  the  complete  CEBAF  | 

accelerator  was  installed  and  running.  This  was  done  by 
extrapolation  from  the  portion  of  the  machine  in  use  at  that 
time,  the  injector.  There  were  a  total  of  10,000  data  channel 
read  backs  in  use,  and  of  those  10,000  approximately  13% 
changed  per  second.  The  cycle  rate  of  the  control  algorithms 
on  the  data  source  computers  was  3  Hz,  but  the  plan  was  to 
increase  the  rate  to  10  Hz.  Once  the  performance  of  the  data 
sources  was  enhanced,  it  was  expected  that  the  number  of  data 
source  changes  per  second  would  triple,  resulting  in  about 
40%  of  the  read  backs  changing  per  second. 

Furthermore,  on  a  typical  CEBAF  display  page,  there 
are  about  100  data  channels,  of  which  40  are  set  points  and  the 
other  60  are  read  backs.  Taken  together  with  die  fact  that  a 
change  rate  of  40%  of  the  total  number  of  read  backs  per 
second  was  predicted,  the  anticipated  system  load  was  24 
changes  per  second  per  display  page.  The  completed 
accelerator  was  expected  to  have  a  total  of  100  display  pages 
in  use  at  any  time,  giving  an  expected  system  load  of  2,400 
changes  per  second. 

Preliminary  testing  of  the  Star  computer  was 
performed  using  an  HP720  computer.  Software  was  written 
which  functioned  as  a  simple  data  source,  where  the  total 
volume  of  data  out  of  the  data  sources  was  controllable  in 


each  of  two  ways.  First,  the  interval  between  data  transfers 
was  variable,  at  rates  up  to  20  Hz.  Second,  the  number  of  data 
points  sent  per  transfer  was  variable,  from  100  to  1000  data 
values.  Each  data  value  consisted  of  a  floating  point  value,  of 
length  4  bytes.  The  data  sinks  used  for  the  testing  were  the 
same  graphical  display  software  used  in  the  normal  control  of 
the  accelerator. 

For  the  testing,  the  number  of  data  values  sent  per 
transfer  from  each  of  9  artificial  data  sources  was  varied  from 
100  to  1000.  For  each  transfer  volume,  the  transfer  rate  was 
increased  from  1  Hz  to  either  the  maximum  transfer  rate  of  20 
Hz,  or  until  the  system  saturated.  System  saturation  is  the 
point  at  which  the  Star  computer  can  no  longer  keep  up  with 
total  volume  of  traffic,  so  buffer  overflow  occurs.  For  each 
volume/rate  pair  the  average  time  between  the  issuance  of  a 
new  value  by  a  data  source  and  its  receipt  by  a  data  sink  was 
measured.  The  performance  of  the  Star  computer  with  respect 
to  signal  load  was  linear  for  all  tests,  with  system  one-way 
travel  time  ranging  from  0.0025  to  0.08  seconds  as  the  signal 
load  increased  from  less  than  1,000  changes  per  second  to 
24,000  changes  per  second.  At  the  upper  end  of  the  range, 
above  24,000  changes  per  second,  the  one-way  travel  time 
degraded  worse  than  linearly.  Once  the  upper  limit  of  27,000 
changes  per  second  was  reached,  the  system  broke  down 
completely,  with  buffer  overflow  in  the  Star.  See  Figure  1 . 


The  testing  demonstrated  that  on  an  HP720 
computer,  rated  at  56  MIPS,  the  Star  process  could  support  a 
dataflow  rate  of  10  times  the  expected  load  of  the  complete 
accelerator.  Similar  testing  was  done  with  different  computers 
in  order  to  determine  if  the  performance  of  the  Star  process 
scaled  with  the  performance  of  the  computer.  The  most 
extensive  testing  was  done  with  an  HP835  computer.  The 
results  of  the  testing,  along  with  an  extrapolation  of  the 
expected  performance  from  an  HP735  computer,  are  shown  in 
Figure  2. 

The  Star  process,  running  on  an  HP735  computer 
rated  at  125  MIPS,  should  support  a  dataflow  rate  of  25  times 
the  expected  load  of  the  CEBAF  control  system.  Given  these 
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favorable  test  results,  the  Star  process  was  implemented  as 
part  of  the  CEBAF  control  system,  and  was  used  for  the 
commissioning  of  the  CEBAF  North  Linac  and  East  Arc  from 
August  of  1992  until  April  of  1993. 


Figure  2.  Round  trip  time  vs.  changes/sec  for  different  computers. 


V.  OBSERVED  PERFORMANCE 

Performance  statistics  for  the  Star  were  kept  during 
the  commissioning  period  mentioned  above.  There  were  two 
goals  of  the  data  collection  during  this  time.  The  first  goal 
was  a  demonstration  that  the  signal  load  extrapolations  made 
when  examining  the  injector  were  valid  when  scaling  the 
system  to  include  more  of  the  CEBAF  accelerator.  The 
second  goal  was  a  measure  of  how  the  system  performed  in  a 
real-world  situation.  It  was  necessary  to  find  out  if  the  system 
performed  as  expected,  and  also  to  see  if  other  Ethernet  traffic 
affected  the  performance  of  the  Star.  The  data  that  was 
tracked  during  the  commissioning  consisted  of  two  elements. 
The  first  element  was  the  total  volume  of  data  traffic  through 
the  Star  computer,  and  the  second  was  the  average  data  round 
trip  time. 

The  traffic  volume  through  the  Star  process  was 
trivial  to  measure.  A  counter,  which  was  incremented  as  each 
data  item  passed  through  the  system,  was  added  to  the  Star 
software.  After  ten  seconds  had  passed,  the  total  data  load 
measured  was  saved,  and  the  counter  was  reset.  The  system 
load  was  tracked  over  time  and  compared  to  the  average  data 
round  trip  time. 

Determining  the  average  round  trip  time  was  a  more 
complicated  procedure.  Two  simple  programs  were  written, 
one  a  data  source  and  one  a  data  sink.  The  data  source  was  a 
source  for  only  one  data  item.  The  data  sink  was  a  sink  for 
that  one  item.  The  data  sink  started  a  timer,  then  requested  the 
value  of  the  data  item.  When  the  value  of  the  data  was 
received,  the  data  sink  made  a  request  to  the  Star  that  the 
value  of  the  item  be  changed.  This  sort  of  request  is  akin  to  a 
machine  operator  turning  a  knob  or  otherwise  changing  a 
machine  set  point.  The  data  source  changed  the  value  of  the 
data  item,  then  sent  the  new  value  to  the  data  sink.  When  the 


updated  value  was  received  by  the  data  sink  (indicating  the 
request  had  been  honored)  the  sink  requested  a  different  new 
value.  The  data  sink  made  a  total  of  fifty  change  requests, 
then  stopped  the  timer.  The  total  time  elapsed  then  included  a 
total  of  fifty  round-trip  passages  of  the  data  through  the  Star. 
The  data  sink  waited  five  seconds  after  completion  of  the 
measurement  and  started  the  process  over. 

During  a  typical  month  of  commissioning,  from 
January  2  to  January  29, 1993,  the  total  data  load  and  average 
data  round  trip  time  measurements  were  recorded.  This  data 
is  reflected  in  Figure  3. 
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During  this  running  period,  approximately  25%  of 
the  CEBAF  accelerator  hardware  had  been  installed,  and  12  of 
the  expected  50  display  consoles  were  in  place.  The  average 
data  load  during  the  period  was  slightly  more  than  1,000  data 
elements  per  second,  with  peaks  as  high  as  2,000  data 
elements  per  second.  The  data  round  trip  time  under  these 
loads  was  always  well  under  0.1  seconds,  and  typically  was 
under  0.02  seconds.  The  measured  load  was  greater  than  was 
expected  when  extrapolating  from  the  injector,  as  mentioned 
in  section  IV,  but  was  still  well  within  the  capabilities  of  the 
Star  process  running  on  the  HP720  computer  used  during  the 
commissioning. 

It  appears  that  the  completed  accelerator  will  have  a 
signal  load  of  4,000  data  elements  per  second,  with  peaks  as 
high  as  8,000  per  second.  Given  this  updated  data  traffic 
information,  the  Star  process  running  on  an  HP735  computer 
will  be  capable  of  supporting  5  times  the  expected  peak  load 
and  10  times  the  typical  load  when  controlling  the  finished 
CEBAF  accelerator. 
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The  SSCL  LINAC  Control  System 
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I.  INTRODUCTION  n.  LINAC  CONTROL  SYSTEM  ARCHITECTURE 


The  SSCL  Linear  Accelerator  (LINAC)  consists  of  an  Ion 
Source,  Low  Energy  Beam  Transport  (LEBT),  Radio  Frequency 
Quadrupole  (RFQ),  Drift  Tube  LINAC  (DTL),  Coupled  Cavity 
LINAC  (CCL),  CCL  Transport  and  LINAC  to  Low  Energy 
Booster  (LEB)  Transfer  Line.  The  Ion  Source  generates  H" 
ions  and  accelerates  them  to  0.035  MeV.  The  LEBT  transports 
and  matches  the  beam  to  the  input  of  the  RFQ.  The  RFQ 
bunches  and  accelerates  the  beam  to  2.5  MeV.  The  DTL  and 
CCL  accelerate  the  beam  to  70  and  600  MeV,  respectively. 
The  Transfer  Line  routes  the  beam  from  the  CCL  Transport 
Line  to  the  LEB. 

The  Ion  Source/LEBT,  RFQ,  DTL  and  CCL  support 
systems  consist  of  vacuum,  cavity  temperature  control,  beam 
instrumentation,  RF  power,  and  magnet  subsystems.  Each  of 
these  sections  is  capable  of  stand-alone  operation. 

The  SSCL  Global  Accelerator  Control  System  (GACS)  is 
a  standard  multi-layered  system.  Figure  1  illustrates  the  six 
levels  of  functional  hierarchy  used  to  specify  and  describe  the 
GACS.  Level  6  provides  information  exchange  services.  No 
true  control  functions  are  performed  at  this  level.  This  level  is 
used  to  provide  a  pathway  for  the  exchange  of  information 
between  the  Control  System  and  SSCL  computer  services. 
Level  5  is  the  machine  integration  level  of  the  system.  At  this 
level,  controls  for  all  SSCL  machines,  i.e.,  LINAC,  LEB, 
MEB,  HEB  and  Collider,  are  integrated  into  a  single  unit. 
This  level  includes  a  central  control  room  for  operations. 
Level  4  is  the  machine  control  level.  At  this  level  all  module 
level  controls  are  integrated  into  an  SSCL  machine,  in  this 
case  the  LINAC.  Level  3  is  the  LINAC  module  controls.  The 
function  of  Level  3  is  to  tie  the  various  subsystem  controls 
together  into  stand-alone  modules,  i.e.,  Ion  Source,  RFQ,  etc. 
Level  2  controls  are  defined  as  those  which  logically  combine  a 
group  of  front-end  systems  into  a  control  unit.  Subsystem 
controls  such  as  vacuum  and  RF  are  performed  at  this  level. 
Level  1  is  the  front-end  controls.  This  level  provides 
interconnections  between  sensors  and  controls,  signal 
conditioning,  I/O  module  interfaces,  front-end  processors  and 
local  operator  stations  used  for  system  maintenance  and 


commissioning. 
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Figure  1.  GACS  Levels 


•Operated  by  Universities  Research  Association,  Inc., for  the  U  S. 
Department  of  Energy  under  Contract  No.  DE-AC35-89ER40486. 


A.  Communications 


Figure  2  is  a  block  diagram  of  the  LINAC  controls 
communications  infrastructure. 


Figure  2.  LINAC.Communications  Infrastructure. 

The  communications  backbone  is  a  SONET  fiber  optic 
network  that  interconnects  the  LINAC  Gallery  and  the 
Accelerator  Main  Control  Room  (AMCR).  Add-Drop 
Multiplexer  (ADM)  equipment  is  installed  in  the  LINAC 
Gallery  and  the  AMCR  to  interface  the  SONET  backbone  with 
T1  telecommunications  links.  Communication  interface 
modules  are  provided  to  interface  the  T1  links  from  the  ADM 
with  the  front-end  equipment  in  the  Gallery.  Communications 
gateway  equipment  is  provided  at  the  AMCR  to  connect  the 
ADM  to  the  standard  communications  network  of  the  AMCR. 

B.  Front  End  Systems 

The  SSCL  has  chosen  EPICS  (Experimental  Physics  and 
Industrial  Control  System)  as  the  front-end  control  software. 
The  primary  hardware  supported  by  EPICS  is  VME  and  VXI 
based.  Commercial  and  custom  modules  mounted  in  VME  and 
VXI  crates  are  used  to  interface  the  control  system  to  the 
various  sensors  and  systems  of  the  LINAC. 

A  minimum  of  four  operator  workstations,  used  for 
checkout  and  commissioning,  will  be  located  in  the  Ion 
Source,  DTL,  CCL  and  Transfer  Line  sections  of  the  LINAC 
Klystron  Gallery.  The  operator  workstations  will  have  a  direct 
connection  to  a  SONET  backbone  through  an  ADM  or  a 
commercial  router.  In  addition,  each  workstation  will  act  as  a 
data  server  for  the  section  of  the  LINAC  to  which  it  is 
connected.  This  will  be  accomplished  by  additional  Ethernet 
connections  to  the  building  Network.  In  this  manner, 
additional  workstations  may  be  connected  and  obtain  access  to 
the  LINAC  Control  System. 
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C.  Machine  Synchronization 

The  LINAC  Control  System  provides  synchronization  of 
the  front-end  processors  used  to  control  each  of  the  LINAC 
sections.  The  system  is  capable  of  delivering  synchronizing 
messages  to  the  processors  within  a  10-millisecond  window 
before  the  start  of  each  LINAC  pulse.  Typical  messages  will 
indicate  the  operating  mode  of  the  machine,  i.e.,  LEB 
injection,  medical  facility  operation,  test  beam  operation,  etc. 
The  Global  Controls  Message  Broadcast  System  (MBS)  is  used 
to  provide  this  capability.  The  message  indicating  that  the 
LEB  is  ready  for  a  LINAC  pulse  will  originate  in  the  LEB 
Control  System  and  be  passed  to  the  LINAC  Control  System 
by  the  MBS.  LEB  Injection  will  be  the  top  priority  mode  of 
operation  and  will  override  all  other  LINAC  operating  modes. 

D.  Control  Room  Systems 

The  LINAC  compute  servers  shown  in  Figure  3  and 
described  below  are  located  in  the  AMCR. 
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Figure  3.  LINAC  Compute  Server. 


LINAC  Archiver  -  This  computer  performs  the  functions 
of  archiving  machine  settings  and  slow  (10  Hz)  status 
information,  along  with  operator  actions. 

LINAC  Alarm  Handler  -  The  LINAC  alarm  compute 
server  is  used  to  log  and  alert  the  operator  of  any  alarm 
conditions. 

LINAC  Database  Server  -  The  LINAC  database  server  is 
used  for  storing  and  loading  control  application  tables  and 
software,  and  saving/restoring  machine  configurations. 

LINAC  Data  Acquisition  -  Data  acquisition  here  is  defined 
as  blocks  of  data  read  from  various  systems,  often  at  high 
rates.  This  is  data  that  may  require  further  analysis  and  is  of  a 
type  not  covered  by  the  data  archiver.  The  primary  subsystems 
that  supply  this  type  of  data  are  the  LINAC  beam  instru¬ 
mentation  system  and  the  LINAC  "Commissioning  Cart."  The 
LINAC  Control  System  will  supply  a  compute  server  or 
servers  with  sufficient  compute  capacity  to  perform  analysis  of 
data  and  sufficient  disk  capacity  to  archive  the  data.  Analysis 
and  storage  of  the  data  will  be  limited  to  that  required  for 
proper  LINAC  operation. 


III.  OPERATIONAL  SEQUENCES  AND  CONTROL 

The  levels  of  control  described  in  the  preceding  sections  can 
be  used  to  describe  the  types  of  control  sequences  and 
applications  used  within  the  LINAC  Control  System. 


LINAC  CONTROL  APPLICATION  ( LEVEL  4) 

The  state  machine  for  the  LINAC  can  be  described  using 
sequential  function  charts  (SFC)  common  in  many  industrial 
control  systems.  Each  instance  of  an  SFC  is  considered  to  be 


an  application.  The  highest  level  of  control  in  the  LINAC  is 
the  actual  machine  sequence  that  leads  to  a  beam  pulse.  In 
turn,  each  module  of  the  LINAC  would  have  a  control 
application  and  each  subsystem  of  each  module  would  have  an 
application.  Devices  within  each  subsystem  can  even  have 
applications.  The  LINAC  Control  \pplication  SFC  is  shown 
in  Figure  4.  Each  state  and  transition  event  is  described  in  the 
following  text. 

OFF  State  -  Control  power  to  the  VME/VXI  crates, 
CPUs,  racks  and  operator  consoles  is  on.  Code  is  executing  in 
the  LINAC  Control  System  CPUs.  Beam  Permit  is  "Off1. 

Event  A  -  The  operator  or  an  automatic  sequence  has 
commanded  that  the  LINAC  start. 

Start-up  State  -  The  operator  or  an  automatic  sequence 
has  issued  the  "start  LINAC"  command.  In  this  state  the 
operator  will  be  able  to  direct  the  desired  destinations  for  the 
beam  (i.e.,  LEB,  Medical,  DTL  Tank  1,  etc.).  When  this  state 
is  entered  from  the  OFF  state,  the  operator  will  be  prompted. 
The  logic  will  then  issue  the  appropriate  start-up  commands  to 
the  various  LINAC  modules.  All  modules  required  for  each 
destination  will  be  commanded  to  start. 

Event  B  -  The  LINAC  modules  ready  status  is  equal  to  the 
required  module  ready  status. 

Event  F  -  The  LINAC  "off'  command  has  been  issued. 


Figure  4.  LINAC  Control  Application. 


LINAC  Standby  State  -  In  this  state,  the  ready  status  of 
the  LINAC  modules  is  equal  to  the  ready  status  for  the 
anticipated  beam  destinations.  This  is  a  hold  state,  waiting  for 
an  operator  or  automatic  sequence  command  to  commence 
LINAC  beam  operations. 

Event  C  -  The  LINAC  "Go  to  Ready"  command  has  been 
issued. 

Event  E  -  The  LINAC  module  ready  status  is  "not  ready". 

LINAC  Ready  State  -  In  this  state  the  "beam  ready"  status 
of  each  LINAC  module  is  compared  with  the  required  module 
status  for  the  particular  pulse  destination.  In  effect,  this  allows 
a  Beam  Permit  for  the  pulse.  If  the  beam  ready  status  equals 
the  required  module  ready  status,  the  Beam  Permit  is  granted. 
If  the  beam  ready  status  does  not  meet  the  required  status  the 
timing  delay  for  the  RFQ  is  set  and  the  LEBT  chopper  is  not 
pulsed.  The  timing  pulse  for  the  other  LINAC  RF  modules  is 
not  affected. 

Event  X  -  The  Beam  Permit  for  the  pulse  has  been  granted. 
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Event  D  -  The  LINAC  modules  ready  status  is  less  than 
required. 

LINAC  Pulse  State  -  The  LINAC  pulse  command  is 
given  to  the  ion  source.  The  proper  timing  for  the  LEBT, 
RFQ  and  other  LINAC  modules  is  set  such  that  beam  is 
accelerated.  Note  that  the  LINAC  state  will  cycle  between 
Pulse  and  Ready  on  a  pulse-to-pulse  basis,  even  when  the 
LINAC  is  running  to  the  same  location  on  every  pulse. 

Event  G  -  The  LINAC  pulse  is  complete. 

Implied  Events  -  For  the  sake  of  clarity,  the  implied 
transitions  from  one  state  to  another  have  been  omitted  from 
the  drawing.  These  events  would  be  operator  or  automatic 
sequence  events  that  would  command  the  LINAC  state  to  a 
lower  state  than  it  is  presently  in.  For  example,  the  LINAC 
can  be  manually  moved  from  the  READY  state  to  the 
STANDBY  state  by  the  operator.  The  LINAC  can  also  be 
switched  completely  off  from  any  state  by  the  operator. 

MODULE  CONTROL  APPLICATION  (Level  3) 

Each  module  of  the  LINAC  (Source,  RFQ,  DTL,  etc.)  will 
have  a  module  level  control  application.  The  purpose  of  this 
application  is  to  transition  the  module  from  the  OFF  state  to 
the  MODULE  READY  state.  In  this  state  the  module  is  ready 
for  beam.  The  module  level  application  SFC  for  the  DTL 
Input  Matching  Section  (IMS)  is  shown  in  Figure  5.  It  is  a 
representative  example  of  the  application  used  for  each  module. 
The  module  states  and  transition  events  are  described  in  the 
following  text. 
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Figure  5.  LINAC  DTL  IMS  Module  Application. 

Module  Control  Power  On  State  -  This  is  the  lowest 
state  that  a  module  control  system  can  reach.  In  this  state  the 
control  power  is  turned  on  to  the  VME/VXI  crates,  processors, 
racks,  etc.  Code  is  executing  in  the  module  control  CPUs. 

Event  H  -  The  "module  start"  command  is  received  from 
the  LINAC  Application. 

Event  M  -  The  "module  off'  command  is  received. 

Module  Start-up  State  -  In  this  state  the  module  control 
application  will  command  its  various  subsystems  to  begin 
turning  on  and  preparing  for  beam.  Vacuum  systems  will 
begin  the  pumpdown  process,  the  Temperature  Stabilization 
System  (TSS)  will  begin  to  function  and  regulate  cavity 
temperature,  magnets  will  move  to  their  nominal  beam 
positions  (focus  and  steering),  RF  systems  will  turn  on,  etc. 

Event  I  -  All  module  subsystems  are  ready  for  beam. 

Event  L  -  All  module  subsystems  are  not  ready  for  beam. 

Module  Standby  -  All  module  subsystems  are  ready  and 
operational.  This  is  a  hold  state,  waiting  for  an  operator  or 


automatic  sequence  command  to  move  the  LINAC  to  beam 
operations.  In  this  state  the  module  status  is  reported  as 
“Ready”  to  the  LINAC  Application. 

Event  J  -  The  "Go  to  Beam  Ready  Command"  is  received. 

Event  L  -  All  subsystems  are  not  ready. 

Module  Beam  Ready  -  All  module  subsystems  are  ready. 
In  this  state  the  module  status  is  reported  as  "Beam  Ready" 
which  also  implies  "Ready". 

Event  K  -  Subsystems  are  not  "beam  ready”. 

Implied  Events  -  For  the  sake  of  clarity,  the  implied 
transitions  from  one  state  to  another  have  been  omitted  from 
the  drawing.  These  events  would  be  operator  or  automatic 
sequence  of  events  that  command  the  module  to  a  lower  state  . 

SUBSYSTEM  CONTROL  APPLICATION  ( Level  2) 

Each  subsystem  of  the  module  will  have  a  subsystem  level 
control  application.  The  purpose  of  this  application  is  to 
transition  tne  subsystem  from  the  OFF  state  to  the 
SUBSYSTEM  READY  state.  In  this  state  the  subsystem  is 
ready  for  beam.  The  subsystem  level  application  SFC  for  the 
DTL  IMS  vacuum  system  is  shown  in  Figure  6.  It  is  a 
representative  example  of  the  application  used  for  each 
subsystem.  The  subsystem  states  and  transition  events  are 
described  in  the  following  text. 
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Figure  6.  LINAC  DTL  IMS  Vacuum  Application. 

Vacuum  System  Off  State  -  The  vacuum  system  is  in  the 
off  state.  Ion  gauges  and  ion  pumps  are  turned  off  and  gate 
valves  are  closed. 

Event  N  -  The  vacuum  system  is  manually  roughed  down. 
This  event  occurs  when  the  Convectron  gauge  pressure  is 
measured  to  be  less  than  10'2  Pa. 

Vacuum  System  Ready  to  Pump  State-  -  Ion  gauges  are 
on,  Ion  Pumps  are  off,  and  gate  valves  are  closed. 

Event  O  -  The  "Pump"  command  has  been  received  from 
the  module  control  application. 

Event  S  -  The  Convectron  gauge  pressure  is  above  10'2 
Pa. 

Vacuum  System  Pumping  -  Ion  gauges,  and  Ion  Pumps  are 
on.  Gate  valves  are  closed. 

Event  P  -  The  DTL  IMS  Ion  Gauge  pressure  is  less  than 
lO'5  Pa. 

Event  R  -  The  DTL  IMS  pressure  is  greater  than  10'4  Pa. 

Vacuum  Ready  State  -  Ion  pumps.  Ion  gauges  are  on. 
Gate  valve  enables  have  been  granted. 

Event  Q  -  The  DTL  IMS  pressure  is  greater  than  10‘5  Pa. 

Event  T  -  The  "vacuum  off'  command  has  been  received 
from  the  module  application. 
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Abstract 

The  SSC  is  a  complex  of  six  accelerators  with  a  large 
number  of  components  and  high  availability  requirements.  In 
a  number  of  accelerator  subsystems,  for  exampie  the  Collider 
Correction  Magnet  Power  Supplies,  availability  requirements 
cannot  be  met  with  non-redundant  architectures.  Cost  and 
practicality  considerations  preclude  the  use  of  multiply  redun¬ 
dant  architectures  as  viable  options.  The  possible  use  of 
failure  prediction  as  a  means  of  meeting  the  high  availability 
requirements  of  the  Collider  Corrector  Power  Supply  subsys¬ 
tem  is  described  and  the  implications  on  the  SSC  Central 
Control  System  is  discussed. 

I.  INTRODUCTION 

The  SSC  complex  of  six  accelerators  is  currently  estimated 
to  have  about  540,000  control  and  monitor  points[l].  The 
large  number  of  control  and  monitor  points  reflects  the  number 
of  devices  and  components  which  are  involved  in  the  proper 
operation  of  these  accelerators.  The  availability  requirements 
placed  on  these  accelerators  and  therefore  on  the  devices  and 
components  is  high.  For  example  the  required  Collider 
availability  of  0.80  translates  to  an  availability  requirement  of 
0.997  for  the  Collider  correction  magnet  power  supply  system. 
Comparable  availability  figures  have  been  achieved  at  Fermi- 
lab,  a  complex  of  accelerators  the  largest  of  which  is  about 
one  tenth  the  size  of  one  of  the  two  SSC  collider  rings, 
however,  only  after  many  years  of  operation. 

For  a  system  consisting  of  a  network  of  components  the 
system  reliability  is  evaluated  by  applying  well  known 
combinatorial  rules  as  determined  by  network  topology  and 
by  the  individual  component  reliabilities^].  Very  roughly,  the 
Mean  Time  Between  Failure,  MTBF,  of  a  system  ‘s’,  with  ‘n’ 
identical  components  having  component  MTBFC  is  given  by 
MTBF,  =  MTBFC  /  n  .  The  MTBF  decreases  (or  the  system 
failure  rate  increases)  in  proportion  to  the  number  of  compo¬ 
nents.  The  standard  approaches  to  improving  the  system 
reliability  are:  (l)to  increase  the  component  reliability  or  (2)to 
favorably  alter  the  system  /  sub-system  topology  by  adding 
redundancy  to  (weak  or)  less  reliable  links. 

The  problem  arises  in  systems  with  a  large  number  of 
components.  For  such  systems  it  may  not  be  possible  to 
increase  component  reliability  to  meet  the  availability  require¬ 
ments.  The  avenues  of  using  redundant  architectures  may  not 
be  cost  effective  and  those  of  using  multiply  redundant 
architectures  may  not  be  practical.  This  problem  is  aggravated 
as  the  numbers  increase. 

Two  examples  related  to  the  Collider  correction  magnet 
power  supply  operation  are  the  Collider  correction  magnet 
power  supply  system  and  the  power  supply  controller  to  power 
supply  fibre  optic  link  components. 

"Operated  by  the  Universities  Research  Association,  Inc.,  for  the  U.S. 
Department  of  Energy  under  Contract  No.  DE-AC02-89ER40486. 


Even  with  singly  redundant  architectures^]  achieving  a 
Collider  correction  magnet  power  supply  system  MTBF  of  ten 
days  (or  one  run  period)  requires  an  increase  of  component 
power  supply  MTBF  from  the  current  industry  standards,  in  the 
range  of  50,000-100,000  hours  to  a  figure  somewhat  greater 
than  1  million  hours  MTBF  -  a  ten  to  twenty  fold  increase. 

Using  selected  devices  for  the  power  supply  controller 
fibre-optic  links,  with  component  typical  MTBF  in  the  range 
of  about  4  million  hours,  the  24,000  optical  transmitters  and 
receivers  to  be  used  in  the  SSC  correction,  ‘DC’,  and  ring 
magnet  power  supply  controllers  will  have  a  combined  MTBF 
of  6.5  days.  This  is  less  than  the  ten  day  running  period. 

From  the  above  two  examples  it  becomes  clear  that  for 
systems  with  a  large  number  of  components  increasing  the 
MTBF  of  well  designed  sub-systems  or  good  components, 
which  may  already  be  state-of-the-art  limited,  becomes 
increasingly  difficult  to  the  point  of  requiring  the  achievement 
of  unattainable  MTBFs. 

MTBF  gains  for  redundant  systems  do  not  scale  directly  as 
the  number  of  systems  when  repair  is  constrained  to  scheduled 
maintenance  periods.  They  are  further  degraded  due  to  the 
additional  components  and  methods  required  to  switch  over  to 
the  non  failed  system.  Buying  more  reliable  components, 
using  redundancy  and  component  derating  as  means  of 
increasing  system  MTBF  have  cost  implications  which  may 
pose  limitation  on  system  design  for  reliability.  For  example 
the  ‘reliability  allowance’  included  in  cost  estimates  for  the 
collider  corrector  power  supply  systems  do  not  allow  redun¬ 
dancy  and  power  supply  controller  costs  have  been  estimated 
using  commercial  not  high  reliability  components. 

While  cold  spares  may  reduce  the  mean  time  to  repair  a 
sub-system  and  consequently  increase  system  availability  it 
cannot  compensate  for  the  lost  time  required  to  reach  the  given 
operational  state  aborted  by  the  particular  failure. 

The  MTBF  is  a  statistical  figure.  By  definition  for  a 
constant  failure  rate,  ie.  an  exponential  distribution  of  failures, 
the  probability  of  surviving  one  MTBF  without  failure  is  37%. 
For  a  system  MTBF  of  one  run  period,  most  failures  will 
happen  before  this  time  interrupting  a  run.  User  frustration 
will  likely  scale  as  the  frequency  of  stopped  runs. 

From  the  above  arguments  we  conclude  that:  'what  is 
required  is  failure  free  system  operation  for  the  duration  of 
each  run  and  not  a  high  over  all  system  MTBF’-  with  a  failure 
being  defined  as  anything  that  causes  beam  quality  degradation 
sufficient  to  require  a  dump. 

II.  FAILURE  PREDICTION 

The  method  proposed  here  to  address  the  above  require¬ 
ment  is  the  use  of  ‘quantitative’  prediction  of  failures.  The 
assumptions  are  that  we  have  a  scheduled  4  day  shutdown 
following  a  ten  day  run  period.  If  all  failures  can  be  antici¬ 
pated  and  taken  care  of  during  the  scheduled  shutdown. 
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unscheduled  downtime  is  nil.  The  effective  system  uptime  is 
100%  or  equivalent  to  a  system  with  an  infinite  MTBF. 

Our  premise  here  is  that  if  some  of  the  failure  modes  of  a 
component  are  not  instantaneous,  but  rather  are  a  result  of  the 
progression  of  degradation  of  some  parameter(s),  then  it  should 
be  possible  to  monitor  those  parameters  and  from  the  progres¬ 
sion  of  monitored  states  predict,  with  some  associated  proba¬ 
bility,  that  a  piece  of  equipment  is  going  to  fail  within  a 
certain  time  period. 

Failure  modes  with  the  highest  frequency  can  be  identified 
and  the  characterized  such  that  one  can  predict  component 
failure  to  some  required  degree  of  temporal  accuracy.  Such 
components  can  then  be  replaced  during  a  shutdown  period  or 
scheduled  maintenance  so  as  not  to  contribute  to  system  down¬ 
time  figures.  Components  known  to  be  partially  marginal  (or 
those  for  which,  the  temporal  bracketing  achievable  is  known 
to  be  less  accurate)  may  be  removed  from  critical  subsystems 
and  placed  into  operation  in  the  less  critical  or  easily  accessi¬ 
ble  areas  which  incur  a  smaller  Mean  Time  to  Repair  (MTTR) 
or  system  down-time  per  failure. 

In  searching  the  literature  we  find  that  the  idea  of  being 
able  to  detect  failures  exists  in  the  industry,  though  somewhat 
qualitatively,  under  the  name  of  Condition  Monitoring.  What 
is  proposed  here  is  an  extension  of  these  basic  principles  to 
add  a  temporal  domain  to  the  analyzed  data  so  as  to  allow  us 
to  bracket  the  failure  to  some  predetermined  window  of  time 
in  which  failures  will  happen  with  some  given  probability. 
This  probability  multiplied  by  the  cost  of  such  a  failure  (in 
terms  of  lost  beam  production)  gives  us  a  factor  determining 
the  urgency,  or  the  requirement  to  replace,  given  the  cost  of 
reaching  that  stage  of  operations.  The  probability  of  failure, 
the  cost  to  reach  that  stage  in  operations  and  the  cost  of 
potential  loss  of  operation  as  a  function  of  stage  of  operation 
are  all  continuously  changing  variables  and  need  to  be  dynami¬ 
cally  evaluated  against  the  real  cost  of  component  replacement 

The  idea  proposed  here  is  generally  applicable  to  large 
systems.  Conveniently  failure  prediction  becomes  useful  for 
systems  where  it  becomes  necessary  to  use  or  rely  on  such 
methods:  those  with  a  large  number  of  components.  Systems 
with  large  numbers  of  similar  components  require  less  running 
hours  to  gather  the  statistical  data  needed  to  characterize  the 
failure  modes.  Failure  modes  with  the  highest  frequency  - 
those  that  can  cause  the  most  operational  grief  -  provide  data 
(and  so  can  be  characterized)  quicker.  This  proposal  can  be 
extended  to  the  not  so  large  systems,  which  however  have 
critical  mission  requirements,  as  described  in  section  V. 

A.  Implementation 

In  practice  a  combination  of  methods  will  have  to  be  used. 
In  any  system  routine  Failure  Modes  and  Effects  Analysis 
(FMEA)  will  identify  the  critical  areas  and  actions  required  to 
mitigate  them.  Quantitative  failure  prediction  is  proposed  to 
be  used  as  an  adjunct  to  the  above  procedures,  in  cases  where 
requirements  cannot  be  met  by  such  methods  alone,  in  cases 
where  exceptional  availability  is  required  during  run  periods, 
or  in  mission  critical  systems  where  even  single  failures  cannot 
be  tolerated  and  cost  is  not  a  constraining  factor. 

For  each  system  it  is  necessary  to  determine  what  fraction 
of  components  can  fail  before  system  operation  is  affected. 
For  the  ‘DC’  and  corrector  power  supply  to  controller  fibre- 
optic  links,  failures  do  not  affect  the  operation  of  the  ‘DC’  PS 
operation  as  long  as  no  beamline  energy  or  steering  changes 


are  required.  Injector  and  possibly  collider  corrector  failures 
during  the  20  hour  collider  flat-top  may  also  be  tolerable.  The 
effect  of  single  point  failures[S]  and  the  possibility  of 
compensation  using  adjacent  (sets  of)  correctors[4]  is  being 
explored.  In  the  case  of  the  controller  to  power  supply  fibre- 
optic  links  implementation  of  failure  prediction  using  parasitic 
trending  of  link  Bit  Error  Rates  is  being  explored  -  system  cost 
here  is  the  specification  of  appropriate  link  protocol[6]. 

The  practical  implementation  of  these  techniques  must 
proceed  in  the  stages.  Initial  task  will  be  the  identification  of 
failure  modes  followed  by  the  implementation  in  stages  of 
condition  monitoring,  qualitative  and  quantitative  failure 
prediction,  to  the  generation  of  dynamically  evaluated  compo¬ 
nent  replacement  cost  factor  projected  as  a  function  of  time, 
for  particular  failure  modes  with  operator  prompting  programs 
being  implemented  later. 

III.  METHODS 

The  parameters  used  as  indicators  of  failure  may  be  analog, 
digital  or  complex  types  derived  by  processing  other  parame¬ 
ters  as  described  below. 

A.  Analog  Parameters 

Typical  analog  parameters  envisaged  for  example  in  a 
power  converter  was  hre  of  pass  transistors  in  regulator  banks. 
At  a  recent  conference  it  was  confirmed  that  this  is  indeed  a 
parameter  which  showed  degradation  in  failing  power  converter 
amplifier  pass  banks[7].  In  switched  mode  power  converters 
for  example  the  occurrence  of  spikes  have  been  seen  as 
precursors  to  failure[8]  although  they  have  not  been  used  in  the 
manner  proposed  here  of  characterization  and  failure  predic¬ 
tion. 

B.  Digital  Parameters 

Some  of  the  parameters  may  be  digital  signals  say  from 
relay  contact  closures,  logic  signals  or  composite  digital  signals 
from  interlock  processing  equipment 

It  may  seem  that  digital  signal  failures  are  not  predictable 
or  are  sudden.  Looking  more  closely  for  example  a  relay  may 
have  some  contact  bounce  associated  with  closure.  It  is 
possible  to  characterize  this  bounce  and  see  if  this  changes 
with  time  -  or  as  a  function  of  other  factors  such  as  operating 
current  or  ambient  temperature. 

Discreet  logic  signals  are  digital  only  in  that  a  categoriza¬ 
tion  has  been  imposed  on  analog  characteristics:  for  example 
for  TTL  signals  a  logic  level  of  0  encompasses  0-0.4V  and 
some  associated  node  currents.  Logic  state  transitions  are 
digital  (only)  above  a  range  of  time  granularity.  Variations  in 
any  of  these  parameters  can  be  used  for  failure  mode  identifi¬ 
cation.  Examples  are  given  in  reference!*)]. 

C.  Complex  Parameter  Types 

Adding  a  level  of  complexity  one  could  explore  the 
behaviour  ‘surface’  (along  the  lines  of  control  surface  for  a 
dynamical  control  system)  of  multi-parameter  failure  modes, 
such  as  ambient  temperature  and  operating  current  versus  the 
contact  bounce,  and  contact  opening  time  versus  the  bounce  for 
a  relay.  A  fraction  of  such  failure  data  may  be  non-stationary 
and  may  require  specialized  techniques!  10]  fw  processing. 
The  caveat  of  course  is  that  this  must  be  only  for  systems 
where  this  is  indeed  of  sufficient  importance  -  how  ever  in 
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such  large  systems  and  where  other  restrictions  do  not  hinder 
this  may  be  a  possible  technique  to  consider.  The  plotting  of 
behaviour  surfaces  for  visual  feature  detection  or  the  use  of 
Neural  nets  for  feature  extraction  may  be  required.  With  the 
perfection  of  these  techniques  relatively  inexpensive  integrated 
hardware  to  carry  out  these  functions  could  be  developed  and 
the  evaluation  and  implementation  of  complex  processing 
functions  could  be  easier.  The  use  of  Fuzzy  logic  to 
implement  estimation  algorithms  on  the  extracted  features  and 
implement  decision  trees  to  inform  Central  controls  of 
impending  failures  or  of  required  actions  such  as  abort  or 
change  particular  component  within  predicted  time  are  all 
possible.  The  use  of  built  in  test  vectors  in  front  end 
electronics  allows  the  possibility  in  controls  electronics  of 
predicting  chain  failures  which  may  not  become  critical  before 
a  certain  time. 

IV.  CONSEQUENCES  OR  REQUIREMENTS 
FOR  THE  CONTROL  SYSTEM 

To  implement  Quantitative  Failure  Prediction  (QFP)  the 
Global  Accelerator  Control  System  (GACS)  must  allow  for  the 
collection  and  analysis  of  requisite  data  -  the  characteristics  of 
both  of  which  are  not  fully  defined  at  this  stage.  Data  for  QFP 
will  have  to  be  collected  either  ‘passively’  from  accelerator 
sub-system  and  component  data  monitored  routinely,  or 
‘actively’,  where  the  data  collection  process  requires  the 
modification  of  mode  of  operation  of  the  sub-system  or  device 
under  test  from  the  normal  accelerator  operation  modes, 
between  acceleration  cycles.  The  monitoring  of  specific 
controls  equipment,  the  use  of  specialized  techniques  such  as 
statistical  or  syntactic  pattern  recognition[ll]  techniques  and 
the  possible  use  of  neural  nets[12]  and  fuzzy  logic  in  decision 
processes  and  their  impact  on  the  GACS  processing  hardware, 
controls  software  and  the  effects  (of  additional  hardware  and 
system  software)  on  system  reliability  all  need  to  be 
addressed.  The  addition  of  processing  capacity  at  the  ‘rear- 
end’  or  Main  Control  Room  computers  is  relatively  easy. 
Number  of  component  systems  are  relatively  small  and  good 
accessability  guarantees  a  small  mean  time  to  replace. 
Capacity  additions  to  the  GACS  communications  are  also 
relatively  easy  but  are  not  expected  to  be  required. 

Typically  Front  End  Electronics  components  and  sub¬ 
systems  have  the  largest  numbers  and  are  most  difficult  to 
change  or  upgrade  later  in  the  implementation  cycle  and  must 
be  appropriately  designed.  Changes  have  ripple  effects  on 
downstream  equipment  such  as  sensors  and  controllers. 
Reliability  of  front  end  electronics  needs  to  be  considered  in 
detail.  The  use  of  front  end  equipment  buses  with  the 
capability  to  isolate  failed  cards  and  with  kernels  which  allow 
dynamic  task  allocation  between  crate  level  processors  allows 
the  problem  at  the  equipment  crate  level  to  be  mitigated.  The 
problem  of  failures  at  the  front  end  electronics  signal 
conditioning  and  interface  level  can  not  be  addressed  by  the 
methods  used  above  and  a  possible  solution  is  QFP.  With 
time  as  such  methods  are  frequently  used  library  of  standard 
techniques  will  be  developed  which  can  be  reused  with 
relatively  lower  cost  and  effort  impact. 

V.  DISCUSSION 

A.  Status 

Few  systems  are  currently  being  analyzed  with  reference  to 
controls  requirements  for  failure  detection  or  prediction.  The 


redeeming  factor  is  that  at  present  only  systems  having 
relatively  small  number  of  components  are  being  interfaced  to 
the  GACS.  However,  the  definition  of  techniques  required  for 
failure  prediction,  from  this  stage  would  have  allowed  all 
systems  to  be  similar  with  the  attendant  benefits  of  inventory 
reduction  and  maintenance  streamlining. 

For  the  ‘DC’,  correction  and  pulsed  power  supply  controls 
we  are  considering  these  options  when  feasible  within  limited 
available  effort. 

B.  Cost  Implications 

The  use  of  high  reliability  components  and  testing  methods 
increases  the  cost  of  systems  conservatively  by  a  factor  of  10 
times  for  initial  purchases  and  all  future  replacements.  If  the 
use  of  failure  prediction  allows  the  use  of  relatively 
inexpensive  components  then  there  can  be  definite  long  term 
cost  gains  associated  with  the  use  of  such  techniques. 

The  initial  cost  of  implementation  of  failure  prediction  is  in 
the  systems  analysis  effort  and  currently  in  the  development  of 
implementation  techniques.  Only  the  hooks  required  for  the 
specialized  data  acquisition  hardware  and  software  needs  to  be 
provided  initially  with  modules  being  populated  or  incorporated 
as  required.  For  the  ‘DC’  and  corrector  power  supply 
controllers  the  additional  costs  for  hardware  were  found  to  be 
negligible. 

C.  General 

Quantitative  failure  prediction  can  be  useful  for  mission 
critical  systems  such  as  space  flight  were  even  single 
‘unprotected’  failures  can  be  critical.  In  case  of  not  so  large 
systems,  data  required  for  failure  characterization  can  be 
acquired  by  using  an  extended  set  of  components  during  the 
system  design  and  commissioning  periods  -  assuming  that  cost 
is  not  a  constraining  factor. 

System  availability  requirement  allocations  may  require  a 
re-evaluation  based  on  the  modified  system  properties  with  the 
incorporation  of  failure  prediction. 
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Abstract 

The  AWA  [1]  is  a  new  facility  primarily  designed  for 
wakefield  acceleration  experiments  at  the  100  MV/m  scale, 
which  incorporates  a  high  current  linac  and  rf  photocath- 
ode  electron  source,  a  low  emittance  rf  electron  gun  for 
witness  beam  generation,  and  associated  beamlines  and  di- 
agnostics.  The  control  system  is  based  on  VME  and  CA- 
MAC  electronics  interfaced  to  a  high  performance  work¬ 
station  and  provides  some  distributed  processing  capabil¬ 
ity.  In  addition  to  the  control  of  linac  rf,  laser  optics,  and 
beamlines,  the  system  is  also  used  for  aquisition  of  video 
data  both  from  luminescent  beam  position  monitors  and 
from  streak  camera  pulse  length  diagnostics.  Online  image 
feature  extraction  will  permit  Wakefields  to  be  computed 
during  the  course  of  data  taking.  The  linac  timing  elec¬ 
tronics  and  its  interface  to  the  control  system  is  described. 

Introduction 

The  design  of  the  AWA  control  system  is  based  in  part 
on  experience  gained  at  the  Advanced  Accelerator  Test 
Facility  (AATF),  and  also  on  more  extensive  data  acqui¬ 
sition  systems  used  for  high  energy  physics  experiments. 
The  goal  of  the  AWA  system  is  to  provide  easy  selection 
and  adjustment  of  accelerator  and  beamline  parameters, 
as  well  as  the  online  analysis  of  diagnostic  and  physics 
data.  Other  necessary  functions  are  the  storage  and  re¬ 
call  of  working  parameter  sets  and  the  automatic  monitor¬ 
ing  of  component  performance  (and  flagging  of  deviations 
from  preselected  tolerances).  The  control  system  must  also 
be  sufficiently  flexible  to  permit  expansion  for  subsequent 
phases  of  the  AWA  project. 

At  the  core  of  the  system  is  an  HP-750  RISC  worksta¬ 
tion  using  the  UNIX  operating  system.  The  workstation  is 
interfaced  to  VMEbus  via  a  high  speed  bus  adaptor  with 
dual  port  RAM.  A  68030  CPU  board  on  the  VMEbus  han¬ 
dles  command  requests  from  the  workstation  and  provides 
auxiliary  processing  capabilities. 

Most  of  the  control  and  monitoring  functions  are  han¬ 
dled  through  a  VME-CAMAC  parallel  bus  interface. 
Video  signals  from  beam  position  monitors  and  from  the 
streak  camera,  comprising  the  actual  physics  data  from 
the  experiment,  are  acquired  using  a  high  resolution  VME- 
based  frame  grabber.  A  block  diagram  of  the  AWA  control 
system  is  shown  in  figure  1. 

HP  Workstation 

The  HP-750  workstation  provides  the  user  interface  to 
the  AWA  control  system,  data  analysis  and  display,  and 
data  storage.  User  input  to  the  control  software  can  be 
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Figure  1:  Block  diagram  of  the  AWA  control  and  data 
acquisition  system. 

made  using  either  a  mouse,  keyboard,  or  knob  panel.  The 
AWA  control  software  is  being  developed  in-house  and  is 
based  upon  the  Motif  graphical  user  interface.  The  various 
codes  comprising  the  system  are  written  in  C  and  FOR- 
TRAN77. 

Experience  with  the  AATF  control  system  [2]  demon¬ 
strated  the  importance  of  rapid  online  image  data  analy¬ 
sis  for  wakefield  measurements.  This  procedure  (for  each 
frame  in  a  delay  scan)  consists  of  fitting  edge  data  to  a 
model  of  the  background,  performing  a  background  sub¬ 
traction,  and  extracting  moments  of  the  resulting  2D  beam 
intensity  distribution.  The  high  floating  point  performance 
of  the  HP-750  will  enable  this  analysis  to  be  accomplished 
in  real  time. 

VMEbus  and  CAMAC  Systems 

The  interface  between  the  HP  workstation  and  the 
VMEbus  is  provided  by  a  Bit3  Model  487  bus  adaptor. 
Communications  are  handled  primarily  via  the  adaptor’s 
1  MB  dual  port  RAM,  which  appears  transparently  as  a 
shared  memory  space  accessible  from  both  the  workstation 
and  the  VMEbus.  Memory  access  conflicts  are  arbitrated 
by  the  adaptor  itself. 

In  general  the  workstation  does  not  directly  control  de¬ 
vices  on  the  VMEbus.  Rather,  the  control  processes  on  the 
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HP  write  commands  to  a  queue  in  dual  port  RAM.  The 
queue  is  then  serviced  by  the  Heurikon  V3D  68030  CPU 
board,  which  issues  the  command  to  the  approprate  VME 
device.  Another  section  of  dual  port  RAM  is  used  to  store 
data  read  back  from  VME  devices  for  use  by  monitoring 
and  display  processes  on  the  workstation. 

The  bus  adaptor  also  provides  the  option  of  bypassing 
the  dual  port  RAM  and  addressing  the  VMEbus  directly 
from  the  HP  workstation.  This  is  desirable  for  large  data 
transfers  like  video  images,  since  the  V3D  does  not  support 
block  transfer  modes. 

The  V3D  board  uses  the  OS9  operating  system.  Soft¬ 
ware  is  written  in  C  and  68030  assembly  language.  The 
V3D  board  can  act  autonomously  to  control  the  system 
for  hardware  testing  and  diagnostics,  and  will  be  used  if 
required  to  service  interrupts  generated  from  the  VMEbus. 

The  interface  to  CAMAC  from  the  VMEbus  is  provided 
by  a  Kinetic  Systems  Model  2917  interface  card.  The  in¬ 
terface  incorporates  an  8k  Word  command  memory,  and 
can  autonomously  execute  a  programmed  command  list 
without  processor  intervention.  All  control  and  monitor 
functions  with  the  exception  of  image  acquisition  are  cur¬ 
rently  performed  in  CAMAC. 

Accelerator  Controls 

In  order  to  minimize  the  problem  of  rf  noise  pickup,  all  rf 
system  control  and  monitoring  signals  are  carried  by  fiber 
optic  cables.  Analog  signals  are  encoded  by  the  repetition 
rate  of  an  optical  pulse  train,  using  voltage  to  frequency 
(V/F)  converters.  Digital  signals  (such  as  fault  and  status 
indicators)  are  encoded  simply  as  the  presence  or  absence 
of  light  (DFO). 

The  cards  provided  by  the  rf  system  vendor  to  perform 
these  functions  were  designed  to  be  compatible  with  sig¬ 
nals  provided  by  standard  CAMAC  modules.  DFO  out 
cards  are  controlled  by  contact  closures  provided  by  a  CA¬ 
MAC  output  register,  while  DFO  in  cards  are  read  by  an 
input  gate  module.  Analog  levels  are  provided  to  the  V/F 
cards  by  CAMAC  DAC’s,  and  readout  of  the  F/V  cards 
by  ADC’s.  A  12  bit  resolution  is  adequate  for  both  DAC’s 
and  ADC’s. 

Other  functions  handled  by  the  CAMAC  system  include 
stepping  motor  controls  for  phase  shifters  and  wavefront 
shaper  [3],  and  beamline  magnet  power  supply  control 
and  readback.  Adjustment  of  linac  cooling  water  tem¬ 
peratures  and  cavity  temperature  monitoring  will  also  be 
implemented. 

Master  Trigger/Timing  Module 

The  master  trigger  is  a  custom  designed  CAMAC  card 
which  provides  the  signal  that  triggers  the  laser  and  rf  sys¬ 
tems  to  begin  their  firing  sequences,  allowing  the  repetition 
rate  and  delay  of  the  trigger  pulse  to  be  programmed.  A 
zero  crossing  detector  is  used  to  synchronize  the  trigger 
to  the  60  Hz  line  signal  to  provide  shot-to-shot  stability 


of  experimental  apparatus.  The  triggering  phase  with  re¬ 
spect  to  the  line  is  also  adjustable.  A  second  trigger  out¬ 
put  is  provided,  with  additional  delays  of  up  to  33  ms, 
programmable  in  1  /is  increments. 

The  card  allows  the  rep  rate  of  the  trigger  pulse  to  be 
specified  as  30,  15,  10,  5,  2,  1  Hz  or  single  shot.  The 
module  also  supports  a  local  control  mode  which  allows 
adjustments  directly  from  knobs  on  the  front  panel.  The 
output  voltage  pulses  from  this  module  are  converted  to 
optical  pulses  by  a  separate  module  for  transmission  to 
the  laser  and  rf  systems. 

Imaging 

Images  from  luminescent  screen  beam  position  monitors 
and  streak  camera  based  temporal  diagnostics  are  captured 
using  an  Imaging  Technology  FG-100  video  digitizer  board 
with  512x512x8  bit  resolution.  The  frame  buffer  can  store 
4  digitized  images  simultaneously.  A  real  time  (passthru 
mode)  display  of  the  digitized  video  signal  is  provided  on 
a  dedicated  monitor.  False  color  enhancement  of  images  is 
available  if  desired. 

An  imaging  software  package  (xframe)  on  the  HP  work¬ 
station  has  been  developed.  Xframe  is  used  to  retrieve 
image  data  from  the  FG-100  frame  buffer  for  analysis,  dis¬ 
play  and  storage  on  disk  (in  either  raw,  GIF,  or  Postscript 
format).  Some  examples  of  the  xframe  image  analysis  fea¬ 
tures  are  found  in  reference  [3]. 

An  important  function  of  the  control  system  is  to  pro¬ 
vide  the  sequencing  of  wakefield  measurements.  In  a  delay 
scan,  the  drive-witness  delay  is  varied  in  programmable  in¬ 
crements  (typically  a  few  ps)  by  simultaneously  adjusting 
the  witness  gun  rf  phase  and  laser  injection  phase.  For 
each  delay  an  image  is  acquired  of  the  witness  bunch  on 
a  phosphor  screen  in  the  spectrometer  focal  plane.  The 
frame  is  then  transferred  to  the  HP  for  storage  and  anal¬ 
ysis  as  described  above.  The  performance  of  the  wakefield 
analysis  software  has  been  verified  with  AATF  wakefield 
data. 
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Abstract 

This  paper  presents  the  major  components  of  the  high  level 
software  in  the  NSLS  upgraded  control  system.  Both  pro¬ 
grammer  and  user  interfaces  are  discussed.  The  use  of  the 
high-speed  work  stations,  fast  network  communications, 
UNIX  system,  X-window  and  Motif  have  greatly  changed 
and  improved  these  interfaces. 

1  Introduction 

The  NSLS  control  system  is  undergoing  a  major  upgrade 
and  phase  II  has  been  completed  [1,  3].  Many  new  capa¬ 
bilities  and  features  have  been  brought  in  by  the  upgrade. 

•  The  fast  ethernet  communication  replaced  the  slow 
serial  links  and  the  powerful  work  stations  are  re¬ 
placing  the  old  central  hosts  and  terminals.  Many 
programs  run  10  to  20  times  faster  than  before.  The 
ring  down  time  for  injection  becomes  much  shorter. 
Many  advanced  diagnostic  tools  such  as  the  real  time 
orbit  display  are  emerging. 

•  The  graphical  user  interface  is  replacing  the  tradi¬ 
tional  textual  interface.  The  X  window  and  Motif 
have  completely  changed  its  look  and  feel. 

•  The  UNIX  excellent  programming  environment  have 
greatly  shortened  the  life  cycle  of  the  software  de¬ 
velopment.  Eight  major  libraries  and  more  than  60 
programs  have  been  developed  or  converted  since  we 
started  the  project  at  the  beginning  of  1992. 

•  The  rich  set  of  the  UNIX  utilities  and  its  flexible 
file  system  have  helped  us  in  developing  a  powerful 
interpreter  and  NSLS  standard  file  format. 

•  The  reliability  of  the  system  is  very  much  enhanced. 
For  example,  there  are  many  history  processes  run¬ 
ning  in  the  background  at  different  scheduled  fre¬ 
quencies.  They  never  stopped  and  have  not  missed 
any  scheduled  readings  under  normal  conditions. 

Many  people  in  the  NSLS  Department  contributed  to 
this  project.  Our  special  thanks  go  to  S.  Krinsky  and  John 
Keane.  Without  their  encouragement,  support  and  guid¬ 
ance,  today’s  success  of  the  upgrade  would  not  be  possi¬ 
ble.  Thanks  also  go  to  the  ring  managers  N.  Fewell  and  S. 
Kramer  and  many  other  people  for  their  support  and  many 
very  helpful  suggestions,  opinions  and  ideas.  All  members 
of  the  computer  controls  group  made  their  contributions. 

•Work  performed  under  the  auspices  of  the  U.S.  Dept,  of  Energy 
under  contract  no.  DE-AC02-76CH00016. 
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2  Overview  of  Work  station  Soft¬ 
ware 

The  upgraded  control  system  is  a  distributed  system  and 
its  software  consists  of  three  layers  (Fig.  1).  The  VME 
micros,  which  control  the  hardware,  constitutes  the  lower 
layer.  The  high  level  applications  talk  to  these  micros 
through  ethernet  by  calling  functions  in  the  ucode  (user 
code)  library.  The  controllable  and/or  readable  system 
parameters  and  hardware  signals  are  called  devices,  which 
are  stored  in  a  home  made  database  —  DDR  (Device 
Data  Record).  The  applications  access  the  DDR  database 
through  the  DDR  library.  The  ucode  and  DDR  constitute 
the  middle  layer  of  the  control  software. 

Figure  1 


3  Major  Components  of  System 
Software 

3.1  The  DDR  Database 

We  use  logical  and  composite  devices,  whose  records  con¬ 
tain  logically  related  parameters  such  as  the  setpoint,  read- 
back,  command  and  device  states,  tolerance,  high  and  low 
limits,  error  flag,  error  mask,  lock  status,  in-process  flag 
etc.  A  parameter  mask  field  in  the  record  masks  out  the 
parameters  not  used  for  a  device. 

Using  logical  records,  which  is  a  key  to  to  a  high-capacity 
and  high-speed  control  system,  drastically  reduces  the 
number  of  devices  in  our  system  and  the  network  traffic. 
We  have  about  5100  devices  now  and  it  may  increase  to 
10000  in  the  near  future.  If  we  did  not  use  the  compos- 
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ite  records,  the  device  number  might  be  10  times  or  more 
larger. 

The  DDR  database  keeps  the  addresses  and  other  impor¬ 
tant  parameters  of  all  devices  in  the  system.  Any  program 
accessing  devices  must  consult  DDR  at  first.  The  whole 
database  is  loaded  into  memory  (now  0.5  Mbytes)  at  run 
time  for  the  fast  execution. 

A  complete  set  of  DDR  utilities  has  been  built.  A  graph¬ 
ical  browser/builder  allows  users  to  build,  inspect,  search, 
sort,  save  and  print  the  DDR  or  displayed  pages.  The  DDR 
library  provides  the  programmer  interface. 

3.2  The  Ucode  Library 

The  ucode  library  is  the  interface  between  the  high  level 
programs  and  low  level  micros.  Every  program  must  call 
ucode  functions  when  accessing  devices.  This  library  was 
carefully  designed  and  developed  because  of  its  importance 
and  is  still  evolving. 

•  To  achieve  high  data  rates  is  one  of  our  major  goads 
in  the  system  upgrade.  The  UDP  protocol  is  used 
to  reduce  the  overhead  caused  by  the  TCP  proto¬ 
col.  The  reduction  of  the  overhead  in  the  network 
transport  increases  the  effective  bandwidth  of  the 
network.  Though  we  spent  much  effort  in  the  library 
and  real-time  monitor  [2]  to  make  the  communica¬ 
tion  reliable,  this  effort  is  many  times  rewarded  by 
the  benefits  we  gained.  For  example,  a  program  may 
read  a  set  of  devices  at  a  120  Hz  rate  or  more.  If  the 
TCP  protocol  were  used,  we  could  only  make  about 
70  Hz. 

•  To  make  the  library  as  robust  and  easy  to  use  as 
possible  has  been  always  emphasized  because  it  s  not 
only  used  by  programmers,  but  also  used  by  physi¬ 
cists,  engineers  and  others.  Generally,  one  ucode 
function  is  enough  to  write  any  settable  fields  of  any 
number  of  devices  or  read  any  field,  a  commonly- 
used  combination  of  fields  or  the  whole  records  of 
any  number  of  devices  from  any  number  of  micros. 
The  ucode  automatically  call  functions  in  the  DDR 
library  and  divides  the  user  request  in  multiple  pack¬ 
ets  (a  UDP  packet  consists  of  at  most  1024  bytes) 
if  necessary.  The  implementation  details  are  com¬ 
pletely  hidden  and  ucode  does  all  the  “dirty  work” 
and  decodes  all  the  read  back  data.  For  example,  it 
not  only  gives  the  state  code  of  devices,  it  also  en¬ 
codes  the  code  into  “ON”,  “OFF”  or  whatever  is  ap¬ 
propriate.  We  provide  both  C  and  Fortran  versions. 
A  physicist  or  engineer  needs  only  several  hours  to 
learn  how  to  use  it. 

•  For  each  ucode  call  of  reading  or  writing  devices,  the 
ucode  uses  an  internal  buffer  which  is  filled  with  the 
access  status  code  for  each  device  upon  the  comple¬ 
tion  of  the  call.  The  code  is  either  SUCCESS  (0)  or 
an  error  number.  If  the  function  returns  an  error, 


one  may  acquire  this  buffer  to  check  which  devices 
went  wrong  and  what  went  wrong  and  get  an  encoded 
message  for  each  device. 

•  The  ucode  allocates  and  keeps  all  accessed  devices  in 
device  lists.  If  the  same  set  of  devices  are  accessed 
again,  the  ucode  does  not  need  to  search  the  DDR 
database  once  more. 

•  The  ucode  uses  a  special  algorithm  to  assign  each 
process  an  access  class.  Every  process  may  read  de¬ 
vices.  However,  whether  a  process  may  set  devices  or 
not  depends  on  its  access  class  and  the  system  class 
at  that  time.  Every  device  may  be  locked.  Once 
a  device  is  locked,  no  one  may  write  to  it  unless  it 
is  unlocked  at  first.  All  the  write  command  will  be 
logged  into  a  disk  file1. 

3.3  The  UIF  Toolkit 

The  User  InterFace  Toolkit  (UIF)  based  on  X  and  Motif 
has  been  developed  and  it  has  greatly  sped  up  the  devel¬ 
opment  of  graphcal  software,  which  constitutes  a  major 
portion  of  the  important  programs  in  the  system. 

The  toolkit  provides  a  consitant  look  and  feel  to  the 
operators  by  providing  a  standard  Menubar  with  the  stan¬ 
dard  buttons  namely  Help,  Tools  and  Quit.  Other  buttons 
on  the  menubar  are  user  configurable.  Below  the  menubar 
is  the  drawing  area  where  the  user  can  draw  various  graph¬ 
ics  objects,  plot  graphs  etc.  The  toolkit  provides  higher 
level  abstractions  such  as  a  Matrix  and  a  Plot.  With  the 
Matrix,  it  is  very  easy  to  create  tabular  displays.  It  has 
some  features  of  a  spreadsheet. 

The  toolkit  provides  a  rich  set  of  User  Interface  tools 
such  as  popup  and  pulldown  menus,  various  kinds  of  but¬ 
tons,  lists,  directory  and  file  browsers,  scrollbars,  controls 
specific  switch  panels,  text  input  areas,  standard  error  pop- 
ups,  confirmation  boxes  etc. 

All  the  X  fonts  and  colors  are  available  to  the  user.  The 
toolkit  deals  with  the  graphics  at  an  individual  object  level 
and  lets  the  user  interact  with  it.  The  user  can  group  a 
number  of  such  objects  and  can  save  them  in  a  file. 

The  timer  events  are  integrated  with  the  toolkit.  One 
can  create  an  animation  effect  using  this  feature. 

4  Orbit  Monitoring  and  Display 
System 

In  addition  to  a  complete  and  big  set  of  orbit  measurement, 
comparison,  display,  correction  and  history  data  collection 
and  display  programs,  the  following  new  features  have  been 
added  in  the  upgraded  system. 

1  we  are  developing  a  command  log  server  to  make  the  command 
log  process  more  efficient  and  centralized. 
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•  Real-time  orbit  graphical  display:  this  is  a  sophisti¬ 
cated  program  which  has  numerous  options.  How¬ 
ever,  its  greatest  feature  lies  in  the  real  time  display 
with  4  to  6  Hz  display  rate,  which  is  limited  by  the 
drawing  speed  of  the  X  graphics.  One  may  see  the 
orbit  moving  or  changing  almost  spontaneously  when 
doing  orbit  correction  or  sending  local  bumps.  It  is 
one  of  the  most  useful  tools  in  the  system  used  in  the 
studies  and  daily  operations. 

•  Fast  orbit  history:  this  is  another  very  useful  tool. 
The  fast  history  daemons  run  in  the  background  and 
read  a  user-specified  set  of  monitors  at  the  user- 
specified  rate  (between  5  to  20  Hz).  Several  hours 
(specified  by  users)  of  the  most  recent  readings  are 
stored  in  a  circular  ring  buffer.  The  program  will 
dump  a  portion  of  or  the  whole  buffer  to  disk  files 
upon  request,  which  is  made  through  a  signal  sent  by 
another  process.  The  dumped  data  are  in  the  NSLS 
standard  file  format  and  a  general  plot  program  then 
is  used  to  look  at  and  browse  the  data  set.  Many  in¬ 
teresting  phenomena  have  been  detected  by  using  the 
fast  orbit  history. 

5  Standard  File  System  and  Gen¬ 
eral  History 

In  order  to  make  the  important  data  files  transparent 
through  the  whole  control  system  and  to  develop  a  general 
history  and  display  program,  we  developed  the  standard 
file  system. 

A  file  in  the  standard  format  has  a  file  header  and  seg¬ 
ment  headers  which  contain  all  the  necessary  information 
for  application  programs  to  read  and  display  the  file  with¬ 
out  prior  knowledge.  A  C  function  library  and  several 
programs  to  inspect  and  display  the  data  in  the  files  of  the 
standard  format  have  been  developed.  The  library  func¬ 
tions  provide  an  easy  way  to  create,  write,  update,  edit, 
search  and  read  standard  files.  For  example,  One  may 
read/write  any  rows  or  columns  in  the  file  or  read/write 
any  columns  by  their  physical  types  or  labels. 

The  standard  file  system  now  is  used  in  many  programs. 
One  of  its  major  use  is  in  the  general  history  system.  Any¬ 
one  may  start  his  own  history  to  record  a  certain  set  of 
devices  at  certain  rate  and  write  data  to  a  specific  direc¬ 
tory  in  the  standard  file  format.  A  general  history  graph¬ 
ical  display  may  read  and  display  any  history  files.  At 
first,  the  display  program  gets  all  the  device  names  from 
the  segment  header  and  prompts  user  to  select  some  de¬ 
vices  to  display.  Then  it  reads  the  data  by  device  name 
or  by  column  index.  There  are  many  other  options  in  the 
program. 

The  ring  managers  and  many  users  have  started  their 
own  history  processes.  The  general  history  system  is 
widely  and  fully  used  in  the  Department. 


6  The  Interpreter 

An  interpreter  has  been  developed  by  using  the  UNIX  yacc 
utility.  Since  it  was  developed,  more  than  200  macros  have 
been  written  by  physicists,  ring  managers,  control  person¬ 
nels  and  beam  line  users.  These  macros  are  used  in  the 
every  day  operations  such  as  ramping,  feedback  controls, 
local  and  angle  bumps,  orbit  corrections  and  other  kinds 
of  monitoring  and  controlling  functions. 

The  interpreter  may  be  executed  interactively  or  run 
prewritten  macros.  It  has  all  the  read/ write/control  func¬ 
tions  used  in  the  control  system  plus  many  mathematical 
and  scientific  functions.  It  offers  an  unlimited  layers  of  con¬ 
trol  flows  and  loops  (  both  C-  and  Fortran-style  if,  while, 
for  and  etc)  and  macros  may  be  nested  to  16  layers  deep. 
It  has  its  own  set  of  input/output  functions,  and  the  UNIX 
cursor  and  window  package  is  implemented  into  it.  In  ad¬ 
dition  to  the  normal  data  types  and  float  and  character 
arrays,  it  has  special  data  types  to  allow  reading  and  writ¬ 
ing  control  system  parameters  easily.  For  example,  there 
is  an  array  type  for  device  names.  The  quotation  marks 
are  not  needed  when  assign  a  device  name  to  a  variable. 
The  built-in  macro  utility  lets  users  list,  inspect,  edit  and 
execute  macros  very  easily.  One  may  execute  any  shell 
commands  and  existing  programs  from  the  interpreter. 

7  summary 

We  have  presented  the  major  components  and  features  of 
the  high  level  software.  The  upgraded  system  has  been 
successfully  installed  and  used  in  operations  and  is  promis¬ 
ing.  Physicists,  engineers  and  operators  appreciate  it  very 
much.  There  are  many  important  components  and  pro¬ 
grams  such  as  graphcal  save/restore,  pretune,  softramp, 
bramp,  runramp,  automenu  etc,  which  are  not  mentioned 
in  the  text. 

Now  we  are  evaluating  comercial  databases.  The  DDR 
naming  server  is  under  development.  The  phase  III  up¬ 
grade  will  start  soon.  We  hope  a  more  capable  and  more 
intelligent  control  system  will  emerge  on  the  completion  of 
the  whole  upgrade  process. 
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Abstract 

The  NSLS  Control  Monitor  is  a  real-time  operating 
system  designed  for  the  microprocessor  subsystems  that  con¬ 
trol  the  machine  hardware  in  the  NSLS  facility.  Its  major 
functions  are  to  control  the  hardware  in  response  to  the 
commands  from  the  host  computers,  monitor  hardware  status 
and  report  errors  to  the  alarm  handler.  The  software  origi¬ 
nally  developed  for  the  Multibus  micros  has  been  upgraded 
to  run  on  the  VME-based  systems.  The  upgraded  monitor 
provides  ethemet  communication  with  the  new  system  and 
serial  link  with  the  old  system.  The  dual  link  is  the  key 
feature  for  a  smooth  and  nondisruptive  transition  at  all  lev¬ 
els  of  the  control  system.  This  paper  describes  the  functions 
of  the  various  modules  of  the  monitor  and  future  plans. 

1.  Introduction 

The  microprocessor  subsystems  controlling  the 
machine  hardware  in  the  National  Synchrotron  Light  Source 
facility  are  driven  by  a  realtime  operating  system  referred  to 
as  NSLS  Cbntrol  Monitor.  As  in  any  control  system,  the 
monitor  performs  hardware  control,  data  acquisition  ami 
closed  loop  algorithms  in  real-time.  It  provides  a  standard 
interface  to  the  control  commands  and  data  requests  from 
the  high  level  application  programs  on  the  host  computers. 
The  functional  blocks  of  the  upgraded  monitor  software,  the 
current  status  and  future  plans  are  reported. 

2.  Upgrade  Goals 

The  control  system  designed  in  1978  was  upgraded  to 
meet  the  increasing  demands  on  data  acquisition  rates  and 
CPU  power  and  to  provide  better  diagnostics.  The  original 
system  used  Multibus-1  with  8  bit  Intel  8080/85  CPU  single 
board  computers.  A  realtime  multitasking  monitor  developed 
in-house  is  used  for  low  level  equipment  control.  The  com¬ 
munication  with  host  computers  uses  a  serial  link  at  19.2 
kbaud.  The  serial  link,  16  bit  address  space,  assembly 
language  programming  and  absence  of  floating  point  co¬ 
processors  were  the  major  limitations.  The  architecture, 
hardware  and  software  components  have  been  changed.  The 
micros  and  die  host  workstations  have  been  connected  by 
ethemet  in  a  distributed  network.[Ref.  1,2].  As  part  of  the 
upgrade,  the  Multibus  micros  have  been  replaced  by  VME 
based  32-bit  computers  with  an  ethemet  controller.  The 
software  has  been  upgraded  to  be  compatible  with  the 
hardware  changes.  A  goal  of  the  upgrade  is  to  make  the 
transition  smooth  with  no  impact  on  machine  operations. 

’Work  performed  under  the  auspices  of  the  U.S.Departmeni  of  Energy. 


This  was  realized  by  modifying  the  communication  software 
which  provides  simultaneous  access  to  both  the  new  and 
old  systems. 

3.  Hardware  Configuration 

The  minimum  hardware  required  to  run  the  control 
monitor  on  a  microprocessor  system  are  a  VME-based 
68020  CPU  with  ethemet  controller,  1  megabyte  battery 
backed-up  ram  and  the  General  Purpose  Light  Source 
(GPLS)  board  which  has  timers,  serial  ports,  bus-interrupter 
module,  video  display  generator,  diagnostic  LEDs  and 
software  selectable  switches.  Further  hardware  requirements 
are  dependent  on  the  equipment  to  be  controlled.  The 
hardware  I/O  interfaces  include  analog  and  digital  cards  in 
the  VME  crate,  bus  extenders,  GPIB  and  RS-232/422  and 
Camac  interfaces. 


Fig.  1.  Monitor  Software  Layers 


4.  Software  Overview 

The  software  consists  of  a  set  of  system  and  applica¬ 
tion  tasks  and  interrupt  handlers.  It  provides  an  easy 
environment  for  developing  application-specific  modules  in 
the  micro.  The  Control  Monitor  is  organized  in  logical 
layers  as  shown  in  Fig  1.  The  real-time  kernel  initializes  the 
CPU  and  the  Ethernet  hardware  thereby  making  the  moni¬ 
tor  software  CPU/Ethemet  hardware  independent  The  moni¬ 
tor  system  software  initializes  a  few  peripheral  chips  on  the 
CPU  for  its  own  purpose.  The  system  tasks  are  responsible 
for  the  management  of  the  system  hardware  (GPLS  board 
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peripherals).  This  isolates  the  system  hardware  and  the  real¬ 
time  kernel  from  the  micro  application  tasks.  The  applica¬ 
tion  tasks  use  device  drivers  and  system  services  to  control 
and  monitor  the  hardware.  The  interface  between  the  system 
and  the  application  software  has  been  defined  in  such  a  way 
that  any  modification  and  upgrade  at  the  system  level  will 
not  require  rewriting  of  the  micro  application  tasks. 

In  addition  to  the  software  modules,  the  monitor  has  a 
device  database  in  memory  which  is  accessed  by  both  the 
system  and  micro  application  tasks.  The  software  views  the 
various  hardware  signals  (analog  and  digital)  of  the  equip¬ 
ment  as  a  set  of  logical  devices.  The  database  is  a  collection 
of  data  structures  representing  the  logical  devices.  A  stan¬ 
dard  device  Format  is  used.  This  contains  a  number  of  fields 
for  various  information  about  a  device  (readback,  setpoint, 
tolerance,  limits  for  setpoint  and  alarms,  digital  command 
and  states,  and  error  status).  The  format  also  supports  cali¬ 
bration  and  four  data  arrays.  The  devices  can  be  a  simple 
analog/digital  input/output  type  or  a  composite  type  consist¬ 
ing  of  more  than  one  simple  type.  A  physical  device  with 
various  types  of  signals  can  be  represented  by  a  group  of 
simple  logical  devices  or  by  a  composite  logical  device. 
The  device  need  not  necessarily  represent  hardware.  There 
can  be  soft  devices  that  may  be  used  by  control  algorithms. 
The  device  format  has  a  configuration  mask  to  indicate 
applicable  fields  and  commands  for  a  device.  The  database 
also  includes  all  the  pertinent  hardware  information  such  as 
its  type,  address  etc.  All  the  devices  are  treated  in  a  similar 
fashion  as  far  as  updating  or  retrieving  commands  from  the 
database.  The  host  computers  refer  to  a  logical  device  by  a 
descriptive  name.  The  Device  Data  Record  library  (DDR  ) 
at  the  host  computer  translates  the  name  to  a  physical 
address.  (For  serial  link  this  is  a  serial  line  ID  and  device 
number.  For  ethemet  link  it  is  node  name  and  device 
number).  Thus  the  high  level  software  controls  and  acquires 
data  from  the  machine  hardware  using  names  and  a  set  of 
standard  commands  without  any  knowledge  of  its  location  or 
the  internals  of  the  hardware.  The  micro  application 
software  and  the  device  driver  modules  take  care  of  all  the 
details. 

5.  Software  Components. 

Fig  2  illustrates  the  software  components,  their 
interaction  and  the  data  flow. 

5.1  Real-time  Kernel 

The  processor  runs  RTUX,  a  real-time  operating  sys¬ 
tem  developed  by  Emerge  Systems  Inc.  in  Florida.  This  is  a 
fast,  memory  resident  real-time  kernel  with  the  interrupt 
latency  time  in  range  (10-12  pscc)  for  20  MHz  CPU.  The 
task  switching  time  is  approximately  40  to  50  psec.  The 
kernel  supports  multitask  control,  memory  management, 
interrupt  handling  utilities,  event  handling,  message  queuing, 
intertask  communications.  The  RTUX-ethemet  clerk  (Net¬ 
work  package)  provides  the  standard  socket  level  abstrac¬ 
tion.  Software  development  is  carried  out  in  a  standard 
Motorola  UNIX  development  system  using  the  C  language. 


The  program  can  be  downloaded  into  the  target  system  and 
debugged  using  the  RTUX  tool  ANALYZ.  The  rombuild 
utility  generates  an  executable  image  that  can  be  burned  into 
proms. 


Fig.  2,  Software  Components. 


52  Monitor  System  software. 

This  module  is  standard  for  all  the  micros  and  consists 
of  multiple  system  tasks  and  interrupt  handlers.  It  provides 
system  timing  ( 1  millisec  resolution)  and  uses  RTUX  primi¬ 
tives  to  synchronize  and  coordinate  the  activities  of  the  vari¬ 
ous  tasks.  The  important  features  of  the  system  module  are 
described  below: 

A.  Initialization  module. 

The  monitor  initializes  the  necessary  timing,  display 
and  serial  port  hardware,  sets  up  interrupt  handlers  for  tim¬ 
ing,  video,  console  and  serial  IO  functions.  After  initializa¬ 
tion,  the  application  tasks  are  spawned. 

B.  Communication  management 

This  is  the  most  important  activity  of  the  system 
tasks.  It  receives  operator  messages  in  a  standard  format  for 
all  micros  and  updates  the  micro  database  fields.  Since  the 
high  level  applications  can  use  serial  or  ethemet  link  during 
the  conversion  period  it  is  imperative  that  the  micros  should 
accept  requests  via  any  link. 

The  serial  server  uses  interrupt  handlers  feu  message 
VO  and  provides  handshake  on  every  message.  The  message 
can  have  up  to  64  bytes  and  contains  only  one  request  or 
reply  per  device. 

For  ethemet,  the  message  headers  and  device  packet 
formats  have  been  carefully  designed  for  future  enhance¬ 
ments.  UDP  protocol  with  message  size  1024  bytes  per 
packet  is  used.  Multiple  read  requests  or  commands  or 
replies  are  packed  in  one  message,  resulting  in  low  network 
traffic.  The  communication  model  supports  both  server  and 
client  roles.  The  server  receives  commands  from  host  com¬ 
puters  or  any  micro  in  the  network.  The  client  software  pro- 
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vides  micro  to  micro  communication  facility.  Both  the 
application  and  system  tasks  use  the  client  services  to 
acquire  data  from  or  to  control  any  device  on  a  different 
node.  Handshake  is  provided  for  all  messages.  Integrity  of 
the  messages  is  checked  and  duplicate  and  out  of  sequence 
messages  are  identified  and  appropriate  actions  taken.  Valid 
messages  are  disassembled  into  individual  packets  and 
passed  to  the  command  decoder.  The  decoder  returns  a  reply 
which  may  be  the  requested  data  or  acknowledgement.  All 
the  replies  are  assembled  into  a  single  message  in  the  same 
order  as  received  and  returned  to  Ethernet  IO  module. 

C.  Command  Decoder 

The  device  commands  are  divided  into  two  types, 
READ  and  SET.  The  READ  requests  are  handled  by  the 
monitor  system  task.  It  builds  the  requested  reply  packets 
using  the  current  values  from  the  device  database  which  is 
updated  at  rates  of  more  than  10  Hz.  There  are  more  than 
20  set  commands  for  setpoints,  limits,  arrays  and  digital 
state  control.  Most  of  the  set  commands  are  handled  by  the 
system.  The  monitor  uses  the  configuration  mask  before 
updating  the  Database  fields.  A  setpoint  command  for  an 
ON/OFF  type  is  automatically  discarded.  All  the  necessary 
checks  such  as  limits  check,  lock/unlock  status  check  etc. 
are  carried  out  before  updating  the  command  field.  The 
application  tasks  are  notified  only  for  a  few  commands  (  set- 
point,  digital  state  control,  device  reset  and  new  array  )  for 
further  low  level  control. 

D.  Error  And  Alarm  Reporting 

The  monitor  provides  services  for  alarm  check,  toler¬ 
ance  check  and  error  reporting  to  the  micro  application 
tasks.  The  device  error  messages  are  sent  asynchronously  to 
an  Error  processor  system  on  the  network  using  micro  to 
micro  communication.  Error  flags  are  latched  in  the  device 
records  to  prevent  error  storms.  A  new  Set  or  Reset  or  dev¬ 
ice  Error  Clear  command  will  unlatch  the  error.  If  the  dev¬ 
ice  is  no  longer  in  error,  an  ERROR  RESET  message  is  sent 
to  the  Error  Processor.  During  the  transition,  a  switch  was 
provided  to  select  the  error  reporting  either  through  the 
serial  or  ethemet  link.  The  system  has  the  option  to  inhibit 
error  reporting  on  an  individual  device  basis  or  on  a  micro 
basis  by  selecting  the  error  disable  switch. 

E.  Diagnostic  statistics 

The  monitor  provides  a  display  for  the  system  statis¬ 
tics  such  as  number  of  devices  in  error,  number  of  spurious 
bus  interrupts,  transmission  errors,  message  traffic  and  the 
time  the  system  has  been  up  etc. 

F.  Display  management 

Cable  TV  compatible  ASCII  display  is  a  new  feature 
added  to  the  upgraded  micros.  There  are  4  switch  selectable 
hardware  display  pages.  One  hardware  page  can  multiplex 
up  to  8  software  selectable  pages  .  The  display  page  can  be 
controlled  either  by  a  push-button  panel  connected  to  the 
micro  or  by  a  remote  command.  Both  system  and  applica¬ 
tion  tasks  generate  displays  for  diagnostics  and  for  continu¬ 
ous  monitoring  of  device  parameters  and  status  without 


imposing  any  load  on  the  network. 

53  Micro  Application  Tasks 

This  software  is  responsible  for  all  the  control  and 
monitoring  of  the  low  level  hardware.  It  sets  up  the 
application-specific  device  database  and  initializes  it  either 
with  default  parameters  or  from  the  battery  backed  up  ram. 
The  device  control  may  be  as  simple  as  setting  a  bit  in  a 
bit/io  card  or  setting  a  DAC  or  may  involve  control  of  a 
group  of  devices  synchronously  or  sequentially,  or  may 
require  a  complicated  software  algorithm.  The  application 
tasks  use  the  appropriate  device  drivers  to  accomplish  the 
commands.  The  tasks  also  monitor  the  hardware  signals  at 
10  Hz  or  more  and  update  the  database  and  generate 
application-specific  video  displays.  The  application  tasks  can 
use  periodic  timer  interrupts  provided  by  the  system  clock  to 
trigger  data  acquision.  They  use  the  system  services  for 
getting  interrupts  from  an  external  source  or  from  a  slave  on 
the  VME  bus. 

6.  Conclusions 

The  initial  goals  of  the  micro  upgrade  have  been  com¬ 
pleted.  All  the  70  Multibus  micros  have  been  converted  to 
50  VME-based  systems.  New  features  such  as  video  displays 
and  optional  recovery  from  battery  backed  up  ram  on  start¬ 
up  have  been  extremely  useful  from  the  operations  and  diag¬ 
nostic  points  of  view.  The  dual  communication  allowed  us 
to  carry  out  the  workstation  and  the  micro  upgrade  activities 
with  practically  no  impact  on  the  machine  operations.  Dur¬ 
ing  this  period,  the  prime  objective  has  been  conversion  to 
VME  micros  with  ethemet  link.  Future  plans  include  more 
device  types  which  will  support  multivalued  setpoint  or 
readback  devices  and  automatic  device  configuration  module 
from  a  file  image  representing  the  device  parameters  and 
hardware  information.  A  Device  Name  server  to  furnish 
various  information  such  as  the  micro  location,  record 
number,  calibration  constants  etc.  is  being  planned.  The 
monitor  will  provide  a  real  time  Name  server  to  micro 
application  tasks  to  access  device  information.  An  optional 
watchdog  timer  and  a  facility  to  save  crucial  parameters 
when  AC  failures  occur,  have  been  tested  for  future  addi¬ 
tions.  Plans  to  boot  the  software  from  the  rom  image  on  a 
battery  backed  up  ram  is  being  tested. 
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Abstract 


•  Remove  the  Apollo  Domain  workstations. 


The  NSLS  control  system  initially  installed  in  1978  has 
undergone  several  modifications  but  the  basic  system  ar¬ 
chitecture  remained  relatively  unchanged.  The  need  for 
faster  response,  increased  reliability  and  better  diagnos¬ 
tics  made  the  control  system  upgrade  a  priority.  Since 
the  NSLS  runs  continuously,  major  changes  to  the  control 
system  are  difficult.  The  upgrade  plan  had  to  allow  con¬ 
tinuous  incremental  changes  to  the  control  system  without 
having  any  detrimental  effect  on  operations.  The  plan  had 
to  provide  for  immediate  improvement  in  a  few  key  ar¬ 
eas,  such  as  data  access  rates,  and  be  complete  in  a  short 
time.  At  present,  most  accelerator  operations  utilize  the 
upgraded  control  system. 

1  Introduction 

The  NSLS  initial  control  system  design  included  a  pair 
of  Data  General  computers  and  multibus  micros.  A  VAX, 
Apollos  and  VME  micros  were  added  later.  The  result  was 
a  system  with  a  mixture  of  equipment  that  was  unreliable, 
slow  and  difficult  to  maintain.  The  NSLS  realized  that  a 
major  improvement  to  the  control  system  was  necessary. 
It  had  to  be  complete  in  a  very  short  time  utilizing  existing 
manpower. 

The  first  step  focused  on  converting  from  serial  com¬ 
munications  to  Ethernet  communications,  replacing  the 
multibus  hardware  and  adding  high  speed  workstations. 
The  goal  was  to  convert  from  the  old  system(fig.  1)  to  the 
new  system(fig.  2).  Although  many  new  functions  were 
envisioned  for  the  control  system,  the  focus  was  on  mak¬ 
ing  the  basic  architecture  change  and  other  improvements 
were  postponed  until  this  was  accomplished. 

Key  to  the  smooth  transition  is  a  module  in  the  moni¬ 
tor  which  allows  simultaneous  computation  with  old  serial 
lines  and  new  Ethernet. 

The  immediate  goals  were  to: 

•  convert  all  Multibus  micros  to  VME. 
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2  Original  Control  System 


•  remove  Data  General  and  Nova  computers. 

•  remove  VAX  computer  from  the  control  system. 

•  provide  a  graphical  interface  to  programs. 

•  add  Ethernet  to  existing  VME  micros. 

•  upgrade  several  existing  micros. 

•  add  several  new  micro  systems. 

•Work  performed  under  the  auspices  of  the  U.S.  Dept,  of  Energy 
under  contract  no.  DE- AC02-76CH00016. 


The  control  system  (figure  1)  in  late  1991  consisted  of  two 
Data  General  16-bit  computers  that  communicate  with  five 
Nova  computers  over  a  high  speed(100k  to  300k  words) 
DG  proprietary  parallel  bus.  Each  Nova  computer  is  con¬ 
nected  to  sixteen  micros  using  19k  baud  serial  lines.  The 
Nova  computers  act  as  store  and  forward  processors  and 
buffer  the  data  to  accommodate  the  differences  in  speed 
between  the  serial  and  parallel  lines.  All  messages  contain 
source  and  destination  addresses.  The  Novas  determine 
the  destination  ports  from  the  message  headers.  This  gives 
a  micro  to  micro  communications  capability  which  is  used 
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for  fast  update  of  micro  displays,  knob  control  of  devices 
and  provides  for  device  access  from  the  VAX  and  Apollo 
computers. 

When  the  Xray  ring  was  upgraded  the  simulation  and 
modeling  programs  could  not  run  on  the  DG  computers. 
To  quickly  integrate  the  department  VAX  computer  into 
the  control  system,  a  Unix  VME  server  was  installed  to 
provide  a  communications  path  from  Ethernet  to  the  se¬ 
rial  links.  Later  Apollo  workstations  were  added  in  the 
same  manner.  Graphic  programs  for  orbit  plotting  and 
diagnostics  were  provided  on  the  Apollo  computer.  The 
VAX  and  Apollo  programs  were  slow  because  dual  serial 
lines  are  used  to  access  micro  data. 

Since  1988  all  new  control  micros  added  have  been  VME 
system.  In  early  1992  there  were  about  fifty  five  multibus 
and  twenty  VME  systems.  It  was  important  to  convert  all 
multibus  micros  since  many  parts  are  no  longer  available. 
When  including  the  test  and  development  micros  the  total 
number  of  micros  exceeded  the  number  of  Nova  lines  so  the 
NSLS  used  multiplexors  to  increase  the  number  of  serial 
lines. 

Each  computer  system  used  a  different  operating  sys¬ 
tem.  The  DG’s  used  AOS,  the  VAX  used  Ultrix  and  the 
Apollos  used  the  Domain  operating  system.  VME  micro 
software  development  is  done  on  a  Motorola  Unix  system. 
All  the  multibus  micros  were  written  in  assembly  language 
and  use  an  NSLS  developed  operating  system.  New  VME 
micros  were  written  in  C  and  utilize  a  commercial  operat¬ 
ing  system  (RTUX). 

The  NSLS  does  not  use  a  standard  field  bus.  Each  sys¬ 
tem  uses  the  most  appropriate  interface  method.  Systems 
may  use  a  parallel  bus,  serial  bus,  GPIB,  Camac  or  other 
interface  system.  Conversion  of  the  micros  required  mod¬ 
ifications  to  the  interface  hardware  to  be  compatible  with 
VME  systems. 

3  New  Control  System  Design 

The  new  computer  control  system  is  shown. (figure  2).  All 
the  VME  micros  are  connected  via  Ethernet  to  ail  the 
control  room  workstations.  The  Apollo  workstations  are 
shown  upgraded  to  HP/700  series  workstations.  The  op¬ 
erator  terminal  is  a  high  performance  workstation  with 
sufficient  memory  and  a  local  disk  to  give  fast  response. 
Several  operator  workstations  are  shown  in  addition  to  a 
file  server  and  backup  file  server.  Uninterruptible  power 
supplies  are  provided  for  key  systems.  The  low  power  con¬ 
sumption  of  workstations  make  UPS  backup  economical. 

The  file  server  will  run  programs  that  periodically  take 
a  snapshot  of  the  data  and  provide  a  history  capability. 
It  also  stores  all  the  system  files  needed  for  day  to  day 
operations.  Files  are  automatically  copied  to  the  backup 
file  system  periodically. 

The  performance  of  workstations  has  increased  dramati¬ 
cally  over  the  last  few  years.  The  new  HP  workstations  are 
rated  at  over  10  times  the  performance  of  the  Apollo  work¬ 


stations  which  substantially  decreases  the  response  time  to 
operator  requests. 

In  some  cases  several  multibus  micros  were  combined 
into  one  VME  micro.  The  increased  power  of  the  VME  sys¬ 
tem  allows  more  functions  to  be  programmed  into  one  sys¬ 
tem.  In  the  upgrade  fifty  five  multibus  micros  were  reduced 
to  about  thirty  VME  systems.  In  one  case  eight  multibus 
micros  were  combined  into  one  VME  system.  This  elimi¬ 
nated  a  clock  system  needed  to  synchronize  the  multibus 
systems.  Micros  were  combined  so  that  related  data  could 
be  collected  in  one  micro.  This  minimizes  Ethernet  traffic 
and  more  functions  can  be  done  locally  in  micros.  Some 
systems  have  several  VME  crates  connected  with  Hus  Re¬ 
peaters  and  some  have  multiple  CPUs. 

Each  new  micro  has  a  mult.ipage  TV  compatible  display 
some  of  which  go  to  the  CATV  system.  Presently  there 
are  over  twelve  TV  displays  continuously  being  updated. 
Since  the  displays  are  generated  by  micros  very  little  of  the 
network  bandwidth  is  used.  The  memory  mapped  displays 
are  a  great  diagnostic  aid  for  realtime  programmers. 

4  Micro  Changes^ 

The  key  to  a  smooth  upgrade  was  a  design  modification 
made  to  the  Micro  monitor.  All  VME  application  software 
is  designed  around  the  NSLS  monitor.  The  monitor  does 
the  functions  common  to  all  systems.  The  application  pro¬ 
gram  will  deal  with  hardware  and  software  requirements 
unique  to  a  particular  system. 

The  monitor  handles  all  the  messages  from  the  serial 
lines.  It  interprets  the  messages  and  calls  the  applica¬ 
tion  programs  as  needed.  For  example,  all  read  requests 
are  handled  by  the  monitor.  A  new  system  module  was 
added  to  the  monitor  that  handles  Ethernet  communica¬ 
tions.  This  module  operates  in  parallel  with  the  serial  com¬ 
munications  module.  Messages  can  be  received  simultane¬ 
ously  from  different  computers  over  the  serial  and  Ethernet 
links.  The  micro  applications  programmer  does  not  need 
to  know  the  source  of  the  message.  The  goal  is  to  allow  all 
existing  micro  application  code  to  continue  running  while 
new  applications  were  written  using  the  Ethernet  commu¬ 
nications. 

By  relinking  existing  micro  application  code  with  the 
new  monitor,  all  twenty  existing  VME  systems  obtained 
Ethernet  communication  while  each  maintained  a  compat¬ 
ible  serial  interface. 

Fast  communications  was  a  requirement  in  the  new  sys¬ 
tem.  New  additions  to  the  monitor  allow  reading  a  group  of 
devices  with  one  message  whereas  with  serial  communica¬ 
tions  only  one  message  per  device  was  allowed.  Depending 
upon  the  data  format  twenty  or  thirty  devices  can  be  read 
from  a  micro  with  one  message. 

In  analyzing  the  old  system,  we  found  that  the  average 
data  rate  was  up  to  450  messages  per  second.  Much  of  the 
traffic  was  needed  to  update  displays  or  for  micro  to  micro 
communications.  In  the  new  system,  more  functions  are 
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done  in  the  micros  which  minimizes  Ethernet  traffic. 

Two  multibus  micros  would  have  required  significant  en¬ 
gineering  effort  to  convert  to  VME.  Special  NSLS  hardware 
was  incorporated  into  the  multibus  micros  and  there  was 
not  sufficient  manpower  available  to  upgrade  the  system. 
To  prevent  these  micros  from  holding  up  the  conversion 
process  a  VME  interface  micro  was  built  that  controls  the 
multibus  systems.  In  such  a  case  the  multibus  systems  act 
as  peripherals  to  the  VME  system.  These  two  systems  will 
be  converted  to  VME  systems  soon. 

The  micros  can  send  unsolicited  error  messages  when  an 
error  is  detected.  These  messages  are  sent  over  the  serial 
link  to  an  error  process.  The  monitor  was  modified  so  that 
the  setting  of  a  switch  in  the  VME  crate  will  route  the 
message  to  an  error  process  on  Ethernet.  When  the  last 
micro  is  converted  to  VME,  the  Ethernet  Error  Processor 
will  be  enabled. 

5  Workstation  Software^ 

All  the  programs  written  for  the  DG,  VAX  and  Apollo  had 
to  be  ported  to  the  HP  workstations.  This  consists  of  over 
100  programs  and  several  hundred  interpreter  programs. 

All  programs  written  for  the  VAX,  Apollo  and  DG  uti¬ 
lized  a  user  interface  library  (Ucode)  to  isolate  the  com¬ 
munications  hardware  from  the  application  programmer. 

To  minimize  the  time  needed  to  convert  programs  to 
Ethernet  a  Ucode  library  was  written  which  is  compatible 
with  the  Ucode  library  for  serial  interface.  This  simplified 
the  porting  of  old  programs  from  the  DG,  VAX  and  Apollo. 

Many  changes  were  made  in  the  interface  library.  Op¬ 
tions  were  made  to  allow  reading  a  group  of  devices  with 
one  message.  The  device  name  size  was  increased  from 
eight  to  fifteen  characters.  Programs  were  combined  to 
give  a  more  efficient  user  interface  and  there  was  an  in¬ 
creased  use  of  graphics.  Realtime  orbit  displays  and  real¬ 
time  orbit  history  programs  were  added.  The  orbit  history 
normally  runs  at  five  Hz  but  can  run  at  up  to  twenty  Hz. 
The  system  will  support  fifty  Hz  or  higher,  depending  upon 
the  cpu  used,  but  the  micros  presently  have  an  arbitrary 
limit  of  20  hz.  Only  critical  programs  were  modified  to 
collect  data  at  fast  rates.  For  the  comint  digital  feedback 
system,  a  200  Hz  data  rate  is  planned[3]. 

There  are  many  terminals  scattered  around  the  building 
near  the  equipment.  Some  programs  had  to  be  accessible 
via  ASCII  terminals  so  that  technicians  had  remote  access 
from  equipment  locations  scattered  around  the  building. 
For  some  programs  the  interface  had  to  be 

6  Present  Status 

All  programs  are  now  running  on  the  HP  workstations  and 
all  but  two  micros  have  been  converted  to  VME.  The  last 
two  micros  are  ready  for  testing.  Essentially  all  accelerator 
operations  are  run  with  the  new  system. 


7  Conclusion 

The  conversion  from  old  to  new  system  was  completed 
faster  than  expected.  One  reasons  for  this  has  been  man¬ 
agement  involvement  in  the  plan.  Clear  goals  were  defined 
and  remained  relatively  unchanged  throughout  the  project. 
During  the  upgrade  many  requests  for  improvements  were 
made  but  there  was  strong  support  for  limiting  change  re¬ 
quests  and  maintaining  an  appropriate  level  of  effort  on 
the  conversion  process. 

The  modular  design  of  the  Micro  and  host  system  soft¬ 
ware  facilitated  the  upgrade.  Interface  libraries  were  used 
for  communications  and  graphics  software.  Much  of  the 
conversion  could  be  done  by  making  changes  to  system  li¬ 
braries.  In  early  program  development  attention  was  paid 
to  evolving  standards  and  portability.  With  the  NSLS 
monitor,  modifying  or  building  new  micros  is  relatively 
easy. 

Now  that  the  conversion  is  nearing  completion  the  next 
phase  of  the  upgrade  can  be  started.  The  operator  in¬ 
terface  will  be  improved,  a  commercial  database  will  be 
used,  commercial  GUI  software  will  be  tried,  an  upgraded 
monitor  with  provision  for  automatic  code  generation  will 
be  installed,  hardware  and  software  to  time-synchronize 
all  micros  and  workstations  will  be  added,  a  real  time 
name-server  for  micros  will  be  added,  FDDI  links  for  the 
file  server  and  control  room  workstations  are  planned  and 
more  logical  device  types  will  be  added. 
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Summary 

The  booster  at  the  NSLS  is  being  upgraded  from  0.7S  to 
2  pulses  per  second.  To  accomplish  this,  new  power  supplies 
for  the  dipole,  quadrupole,  and  sextupole  have  been  installed. 
This  paper  will  outline  the  design  and  function  of  the  digital 
signal  processor  used  as  the  primary  control  element  in  the 
power  supply  control  system. 

INTRODUCTION 

The  booster  power  supply  controllers  operates  in  the  z 
domain  (1).  Since  many  functions  were  required  to  be 
performed  in  parallel  using  interrupt  frequencies  from  180  Hz 
to  92. 160  KHz,  it  was  clear  that  parallel  processing  would  be 
required.  In  addition,  the  uneven  distribution  of  real-time 
required  in  the  various  circuit  nodes  implied  a  processing 
element  where  the  processors  could  be  assigned  on  an  as- 
needed  basis.  This  paper  outlines  the  design  and  function  of 
the  Digital  Signal  Array  Processor  (DSAP)  designed  to  be 
used  for  the  booster  power  supply  upgrade. 

PRELIMINARY  DESIGN  REQUIREMENTS 

The  choice  of  VMEbus  for  the  control  system  and  a  6U, 
160  mm  format  for  the  host  processor  dictated  the  size  of  the 
processor  module.  Downloading  and  supervision  was  to  be 
performed  by  means  of  the  VMEbus,  thereby  using  up  a 
considerable  portion  of  the  available  bandwidth.  Therefore, 
the  VSB  (VME  secondary  bus)  is  employed  for  interprocessor 
communications.  Communication  between  the  DSAP  and 
application  modules  such  as  the  trigger  generator  (TGEN), 
servo  data  I/O)  channel  (SDIC),  or  phase  locked  loop  (PLL) 
takes  place  over  a  board  to  board  internal  bus  (the  P3 
connector).  Thus,  a  DSAP  module  would  normally  be  mated 
with  an  application  module.  Reliability  and  fault  diagnosis 
dictated  that  the  static  RAM  be  provided  with  error  detection 
and  correction  (EDAC).  The  need  to  provide  a  wide  range  of 
processing  capability  and  the  relative  complexity  if  the  I/O 
structure  dictated  the  use  of  a  mother  board  holding  the  I/O 
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bus  hardware  and  a  minimal  number  of  DSP  elements,  while 
using  a  mezzanine  board  to  hold  an  array  of  DSP  elements 
which  may  be  added  as  required.  In  the  immediate  case,  the 
processor  used  is  the  TMS320C31,  however,  another 
processor,  such  as  a  special  purpose  FFT  engine  could  be 
employed. 

I/O  CONTROL 

Since  I/O  takes  place  over  the  VME  and  VSB  bus,  we 
use  a  68030  as  a  bus  controller,  a  Newbridge  Microsystems 
CA91C078  as  the  VMEbus  interface,  and  the  PLX  VSB1400 
and  VSB2000  as  the  VSBbus  master  and  slave  respectively. 
The  CA91C078  provides  all  interface  functions  to  the  68030 
such  as  interrupt  handling,  local  bus  requestor,  mailbox, 
VMEbus  DMA,  and  address  decoding,  with  no  glue  logic 
required.  In  addition,  it  provides  the  address  mapping  for  the 
VSBbus  master.  The  68030  bus  functions  are  closely  enough 
matched  to  the  VSBbus  protocol  so  as  to  require  a  bare 
minimum  of  glue  logic.  A  serial  port  is  provided  mainly  to 
assist  in  debugging  the  I/O  controller  using  a  local  monitor 
and  a  debugger  resident  on  a  PC.  A  math  coprocessor  is 
provided  to  allow  DSP  functions  to  be  performed  locally 
during  idle  time.  The  68030  is  provided  with  128K  by  32  bit 
words  of  SRAM  (CYM1836)  which  is  error  corrected 
(IDT49C465).  VSBbus  DMA  is  provided  by  a  TMS320C31. 
Programming  for  this  function  resides  in  the  internal  2K 
RAM. 

SIGNAL  PROCESSING 

The  signal  processing  functions  of  the  mother  board  take 
place  in  a  pair  of  TMS320C30’s  (Node  0,1).  As  may  be  seen 
from  Fig.  1,  they  are  connected  in  a  symmetrical 
arrangement,  and  communicate  with  the  I/O  controller  by 
means  of  a  dual-port  memory  on  the  primary  bus.  Each  DSP 
is  provided  with  128K  words  of  fast  SRAM  (CYM1836) 
which  is  error  corrected  (IDT49C460).  This  is  more  than 
adequate  to  hold  the  operating  system  plus  application 
programs.  Each  DSP  provides  for  four  external  interrupts. 
Level  0  is  reserved  for  the  operating  system,  levels  1  and  2 
are  for  applications  and  appear  on  the  P3  connector,  while 
level  3  is  reserved  for  handling  errors  from  the  associated 
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ED  AC.  Nodes  0,1  may  by  synchronized  by  means  of  the 
interconnected  flags  XF0.1  using  the  SIGI  assembler 
instruction. 

GLOBAL  BUS 

The  processor  nodes  0,1  communicate  with  a  global 
resource  by  means  of  their  expansion  bus.  Each  processor 
bids  for  the  bus  for  each  transaction.  Arbitration  is  performed 
by  means  of  a  synchronous  state  machine  (CY7C330).  This 
global  resource  consists  of  2K  x  32  SRAM  for  direct 
interprocessor  communication,  two  2K  x  32  pages  for 
communication  to  the  mezzanine  processors,  and  an  8K  x  32 
page  for  communication  with  the  application  modules. 

INITIAL  PROGRAM  LOADING  AND 
EMULATION 

It  may  be  observed  from  Figs.  1  and  2  that  the  DSAP 
consists  of  a  cluster  of  processor  nodes  which  communicate  by 
means  of  shared  multi-port  memory.  No  hardware  is  provided 
to  load  program  directly  to  the  memory  from  the  VMEbus. 
This  architecture,  and  its  attendant  great  saving  in  hardware 
complexity  was  made  feasible  by  using  the  emulator  port 
provided  on  each  TMS320C3X  device.  The  emulator  port 
consists  of  a  five  wire  interface;  the  clock,  serial  data  out, 
serial  data  in,  and  control  bit  0  and  1,  and  conforms  to  IEEE 
1 149. 1 .  This  local  emulation  bus  is  controlled  by  means  of  a 
local  test  bus  controller  (74ACT8990).  The  TBC  is  a  16  bit 
device  requiring  a  S-bit  address  and  is  mapped  into  the 
VMEbus  in  A16  D16  short  I/O  address  space  using  a 
dedicated  VME  slave  interface  (VME2000).  The  Emulator 
Porting  Kit  (2),  is  a  software  package  which  runs  on  the  host 
processor  and  interacts  with  the  user  through  a  series  of 
windows.  It  provides  for  downloading  and  uploading  of  files, 
as  well  as  lull  facilities  for  program  debugging  such  as  reading 
and  writing  registers,  single  stepping,  and  breakpoints.  Since 
the  68030  is  not  provided  with  an  emulator  port,  the 
TMS320C31  used  for  VSB  DMA/block  transfer  acts  as  an 
emulator  interface  to  the  SRAM  providing  the  program  IPL 
function. 


MEZZANINE  BOARD 

Although  the  mother  board  contains  substantial  processing 
power,  in  several  instances  it  was  not  sufficient.  To  provide 
processing  power  on  an  as-needed  basis,  and  also  provide  the 
flexibility  of  using  processors  other  than  the  TMS320C3X 
family  for  special  applications,  the  majority  of  processors  are 
located  on  the  mezzanine  board.  Communication  with  the 
mezzanine  board  is  by  means  of  two  2K  x  32  memory  pages 
one  page  each  for  the  odd  and  even  processor  clusters.  These 
processors  are  IPL’d  by  means  of  the  emulator  bus.  If  a 
processor  other  than  TMS320C3 1  ’s  where  to  be  used,  a  single 


TMS320C31  would  be  provided  as  an  IPL  port,  in  the  same 
manner  as  is  used  for  the  68030. 

ERROR  HANDLING 

As  noted  above,  each  block  of  processor  memory  is 
equipped  with  ED  AC.  An  error  occurring  in  the  I/O  process 
area  generates  an  interupt  to  the  VMEbus  by  means  of  the 
CA91C078.  An  error  in  node  0,1  is  handled  by  a  routine 
which  resides  in  internal  RAM.  The  error  data  is  deposited 
in  the  dual-port  memory,  and  an  interupt  is  generated  to  the 
I/O  controller.  The  error  message  is  then  passed  to  the 
system  host.  Error  messages  are  communicated  on  the 
mezzanine  bus  by  means  of  a  serial  data  link  as  shown  in  Fig. 
3.  A  simple  packet  network  scheme  has  been  provided  to 
allow  direct  interprocessor  communication  of  process  control 
messages.  The  serial  ports  are  provided  on  the  chip,  and 
implementation  of  this  scheme  required  only  the 
interconnections  between  the  chips. 

HARDWARE  IMPLEMENTATION 

The  DSAP  consists  of  a  6U,  160  mm,  single  width 
module.  The  printed  wiring  board  is  18  layer  with  12  signal, 
3  power,  and  3  ground  planes,  —110  mil  thick,  with  reliefs 
milled  into  the  front  side  to  provide  0.062  inch  card  guides 
and  to  recess  the  PI  and  P2  connectors  and  the  front  panel 
mounts  sufficiently  to  provide  1 10  mil  clearance  at  the  back 
side.  Line  width  is  S  mil  with  S  mil  space,  vias  are  blind  and 
through  hole  and  use  30  mil  pads  and  14  mil  drill.  The 
majority  of  components  are  SMT  with  the  notable  exception 
of  the  CA91C078  which  is  a  299  pin  PGA  and  the  processors. 
All  PGA’s  are  mounted  on  side  1  while  SMT’s  are  mounted 
on  both  sides.  Two  9-pin  D  connectors  are  mounted  on  the 
front  panel  for  the  two  RS-232  serial  ports.  Fourteen  front 
panel  LED’s  display  control  and  status  information.  The 
module  address  is  selected  by  means  of  two  hexadecimal 
switches  (1  of  256).  All  other  control  functions  are  performed 
by  means  of  the  VMEbus  slave  interface. 
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Summary 

The  booster  at  the  NSLS  is  being  upgraded  from  0.75  to 
2  pulses  per  second  by  means  of  the  installation  of  new  dipole, 
quadrupole,  and  sextupole  power  supplies.  Here  we  outline 
the  design  of  the  power  supply  control  system. 

INTRODUCTION 

Due  to  the  complex  nature  of  the  control  functions 
required  in  these  power  supplies(l),  it  was  decided  early  on 
that  the  control  system  would  be  based  on  digital  signal 
processing.  Since  this  would  produce  a  system  configuration 
which  would  be  difficult  to  debug  using  normal  techniques,  a 
design  for  test  philosophy  was  adopted  at  the  outset.  This 
paper  outlines  the  global  design  of  the  control  system,  and 
how  the  test  facilities  are  implemented. 

SYSTEM  DESIGN 

The  control  system  consists  of  a  VMEbus  crate  which 
holds  the  signal  processing  elements,  and  one  VME  crate 
which  holds  the  gate  drivers.  The  processor  crate  is  equipped 
with  two  PI  and  one  P2  backplanes.  The  gate  driver  crate  is 
not  provided  with  either  bus,  but  is  wire  wrapped.  The  two 
crates  are  connected  together  by  means  of  a  61  conductor 
cable.  Fig.l  shows  the  arrangement  of  circuit  packs  in  the 
processor  crate  and  the  bussing  scheme. 

The  first  four  slots  are  reserved  for  the  NSLS  control 
system  interface.  A  remote  ramp  generator  crate  receives 
compressed  ramp  files,  and  a  local  processor  converts  this  to 
sampled  data  points  which  are  transferred  by  means  of  an 
optical  fiber  bus  extender  to  the  ramp  memory  located  in  the 
ramp  generator.  During  power  supply  ramping,  this  data  is 
read  cyclically,  and  transferred  over  the  VSBbus  for 
processing  in  the  servo.  It  will  be  noted  that  the  ramp 
generator  serves  as  the  communication  link  between  the  two 
systems.  The  ramp  generator  contains  a  2K  x  16  page  of  dual 
port  ram. 
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The  NSLS  control  system  is  able  to  turn  the  power  supply  on 
or  off,  and  is  able  to  control  the  ramps  by  writing  into  this 
memory  page.  The  power  supply  controller  passes  status 
information  by  means  of  the  same  memory. 

The  power  supply  interlock  and  status  is  controlled  by 
means  of  a  PLC.  This  communicates  with  the  processor  on 
the  ramp  generator  by  means  of  an  RS-232  link.  The  PLC  in 
addition  to  its  interlock  functions,  monitors  the  temperature  of 
each  transformer  in  the  power  supply  by  means  of  platinum 
RTD’s  buried  in  the  windings.  This  temperature  data  is  made 
available  to  the  NSLS  control  system  to  allow  for  fault 
prediction. 

DESIGN  FOR  TEST 

The  previous  article  (2)  describes  how  use  is  made  of  the 
JTAG  IEEE  1149.1  test  bus  for  downloading  and  debugging 
the  processor  module.  This  approach  was  not  used  on  the 
application  modules.  Instead,  the  more  direct  means 
communicating  over  the  VMEbus  is  used.  Each  application 
module  has  two  bus  accesses.  Real  time  date  is  passed  over 
the  internal  P3  bus,  while  test  data  is  passed  over  the 
VMEbus.  Registers  which  are  associated  with  test  functions 
only  appear  only  on  the  VMEbus,  while  data  registers  appear 
on  both.  In  this  way,  for  development  purposes,  the  device 
may  be  used  for  real  time  applications  over  the  VMEbus,  and 
test  programs  may  be  run  on  the  host  processor  and 
communicate  with  the  module  directly,  bypassing  the  necessity 
of  first  downloading  to  a  DSP,  and  then  communicating  over 
the  internal  bus.  Since  a  VME  slave  may  be  constructed  using 
six  300  mil  DIPs,  this  is  a  simple  and  economical  approach. 

CIRCUIT  PACK  TESTING 

In  order  to  demonstrate  the  application  of  the  design  for 
test  philosophy,  we  may  consider  the  trigger  generator. 

The  function  of  the  trigger  generator  is  to  provide  the  32 
gate  drive  pulse  trains  required  to  trigger  the  thyristors  in  the 
power  supply(3).  This  function  in  accomplished  by  means  of 
a  state  machine  consisting  a  number  of  counters,  look-up 
tables,  and  decoding  logic,  driven  by  a  5.89  MHz  clock.  The 
primary  test  functions  provided  were  the  facility  to  disable  the 
real-time  clock,  and  substitute  a  clock  which  is  generated 
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under  program  control,  and  the  provision  of  read  ports  for  the 
values  contained  in  the  various  entities  comprising  the  state 
machine.  The  module  is  placed  in  the  test  mode  by  setting  a 
bit  in  the  mode  control  register.  Setting  a  bit  in  the  diagnostic 
control  register  disables  the  real-time  clock,  while  setting  an 
additional  bit  enables  the  test  simulation  clock.  Additional 
control  bits  allow  counters  and  registers  to  be  reset  or  loaded 
with  defined  values.  The  default  values  on  power  up  are  for 
normal  operating  mode.  Debugging  during  the  design  process 
was  accomplished  by  writing  a  C  program  which  ran  on  the 
host  PC,  and  which  used  function  keys  do  define  load/reset 
functions.  Registers  were  displayed  on  the  terminal  in  various 
colors,  and  in  patterns  which  clearly  showed  the  interrelations. 
The  clock  was  incremented  either  by  defining  the  number  of 
pulses,  or  by  single-stepping.  In  this  way,  the  state  machine 
was  initialized  to  a  known  state,  then  single  stepped  to  verify 
that  subsequent  states  were  as  predicted.  This  feature  proved 
its  worth  by  allowing  an  obscure  error  in  a  look-up  table  to  be 
quickly  identified  and  corrected. 

For  production  and  subsequent  equipment  maintenance,  a 
program  will  be  written  which  will  step  through  a  defined 
sequence,  and  compare  inputs  to  outputs.  In  this  way  it  will 
be  possible  to  diagnose  the  majority  of  errors  quickly,  and 
without  resorting  to  test  equipment.  This  may  be  done 
without  removing  the  circuit  pack  from  the  control  bin  by 
simply  taking  the  system  off-line,  and  loading  the  test  program 
to  the  host. 

SYSTEM  TESTING 

A  failure  mode  which  can  cause  damage  to  the  power 
supply  during  operation  is  the  misfiring  of  one  or  more 
thyristors.  This  may  be  caused  by  insufficient  or  complete 
loss  of  gate  drive.  This  failure  will  produce  high  output 
ripple,  and  in  the  case  of  the  dipole  supply,  will  bring  the  10 
KW  filter  damping  resistor  to  red  heat  in  very  short  order. 
Although  the  filter  current  is  monitored  by  an  over-current 
relay,  a  backup  is  provided  by  measuring  the  gate  current  and 
drive  voltage  in  each  thyristor,  to  determine  if  it  falls  within 
prescribed  limits.  This  allows  a  soft  failure  to  be  tracked  and 
corrected  before  it  becomes  a  hard  failure. 


This  diagnostic  capability  is  achieved  by  providing  a 
current  transformer  in  each  gate  drive  channel.  A  multiplexer 
in  the  gate  driver  circuit  pack  selects  the  appropriate  channel, 
and  transmits  the  analog  signal  to  the  gate  driver  controller. 
An  A/D  converter  digitizes  the  voltage  and  stores  the  result  in 
a  memory.  This  memory  is  read  over  the  VMEbus  interface 
by  the  host. 

In  this  way,  the  host  may  continually  monitor  the  gate 
drive  parameters.  The  voltage  waveform  is  also  made 
available  on  a  BNC  connector  so  that  it  may  be  monitored  on 
an  oscilloscope.  During  commissioning,  a  test  routine  allows 
the  selection  of  thyristors  under  operator  control. 

CONCLUSION 

The  implementation  of  a  control  system  based  on  digital 
signal  processing  techniques  involved  a  substantial  degree  of 
effort.  However,  it  was  anticipated  that  results  would  be 
obtained  which  could  not  be  achieved  with  an  analog  system. 
This  has  proven  to  be  the  case.  Initial  testing  of  a  prototype 
of  the  feed-forward  portion  of  the  servo  on  the  old  booster 
dipole  power  supply  (2,4),  resulted  in  a  factor  of  20  decrease 
in  acquisition  time  and  a  factor  of  S  increase  in  tracking 
accuracy.  The  feed-forward  system  is  representative  of  many 
of  the  control  functions  which  must  be  executed  in  this  type  of 
system.  Transfer  functions  of  arbitrary  complexity  may  be 
implemented  by  cascading  simple  routines.  Many  of  our 
filters  have  been  realized  by  cascading  IIR  filter  sections  such 
as  that  shown  in  Fig.  2 
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Summary 

The  booster  at  the  NSLS  is  being  upgraded  from  0.75 
to  2  pulses  per  second  by  means  of  the  installation  of  new 
dipole,  quadrupole,  and  sextupole  power  supplies.  The 
control  system  of  these  power  supplies  employs  general 
purpose  digital  signal  processing  modules,  and  therefore, 
software  support  is  required.  This  paper  outlines  the 
development  system  configuration,  and  the  software 
environment. 

INTRODUCTION 

At  the  beginning  of  this  project,  it  was  realized  that  the 
single  largest  task  would  be  the  writing  of  the  system 
software.  We  therefore  wished  to  make  the  maximum 
possible  use  of  commercially  available  software  packages. 
The  design  process  was  driven,  to  a  considerable  degree,  by 
what  software  could  be  purchased.  The  hardware  modules, 
for  example,  were  designed  to  have  a  multiple  I/O 
capability,  being  equipped  with  a  VME  interface  in  addition 
to  the  internal  bus(l).  In  this  way,  early  operation  of 
various  sub-systems  could  be  achieved  by  using  equipment 
on  hand,  without  the  necessity  of  waiting  for  other  system 
components.  A  VME  format  DSP  module  was  purchased  to 
allow  for  software  development,  and  initially,  real  time  data 
transfer  was  done  over  the  VMEbus  rather  than  the 
VSBbus.  Although  it  did  not  have  enough  power  to  execute 
more  than  one  task  at  a  time,  this  processor  was,  non-the- 
less  an  invaluable  development  tool. 

SYSTEM  HARDWARE  CONFIGURATION 

The  control  system  components  are  mounted  in  a  21  slot  6U 
VME  crate.  The  slot  functions  for  the  dipole  system  are 
allocated  as  follows(2). 

1.  interface  to  NSLS  control 

2.  spare 

3.  spare 
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4.  ramp  generator 

5.  | 

6.  |  host  processor  (PC-386) 

7.  DVM  interface  (current  feed-back) 

8.  signal  processor  1 

9.  A/D  (60  Hz  phase  reference) 

10.  phase  locked  loop 

11.  signal  processor  2 

12.  A/D’s  (supply  voltage,  filter  current) 

(100  volt  supply) 

13.  signal  processor  3 

14.  A/D’s  (supply  voltage,  filter  current) 

(1000  volt  supply) 

15.  spare 

16.  spare 

17.  signal  processor  4 

18.  trigger  generator 

19.  trigger  generator 

20.  gate  driver  controller 

21.  gate  driver  controller 

The  partitioning  of  system  functions  is  shown  in  Fig.  1.  The 
system  host  is  a  VME  format  PC-386  equipped  with  VGA 
and  an  80MB  SCSI  hard  drive.  A  PC  was  chosen  as  the 
system  host,  since  all  the  development  tools  are  available  in 
a  PC  version,  and  they  are  relatively  inexpensive.  A  386 
processor  is  more  than  adequate,  since  its  function  is  only  to 
download,  initialize,  and  monitor  for  error  interrupts. 

During  normal  operation,  neither  a  display  nor  a  keyboard 
are  equipped.  On  power-up,  a  .BAT  file  initializes  the 
downloading  sequence  of  the  signal  processors  and  starts 
program  execution. 

SYSTEM  SOFTWARE  CONFIGURATION 

The  signal  processing  functions  which  are  performed 
are,  for  the  most  part,  fitters.  Although  some  of  these  filters 
may  have  many  poles,  and  have  very  stringent  performance 
requirements,  they  are  all  constructed  by  cascading  simple 
biquads.  An  example  of  a  single  biquad  is  shown  in  (9). 

For  system  functions,  such  as  the  phase  locked  loop, 
which  operate  at  low  sampling  rates  (2-60Hz  interrups),  the 
bulk  of  the  code  is  written  in  C,  and  SPOX(7)is  used  as  the 
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operating  system.  This  allows  us  to  implement  filters 
simply  using  system  level  functions  to  create  arrays  for 
coefficients,  data  and  delay  nodes,  without  having  to 
consider  low  level  detail.  Functions  which  require  high 
sampling  rates  are  generally  less  complex,  and  are  written 
in  assembler  and  serviced  by  a  simple  interrupt  handler. 

On  the  DSAP  module  (3),  SPOX  is  run  in  node  0  to 
perform  data  streaming  for  module  to  module  data  transfers 
in  conjunction  with  the  68030  I/O  controller.  Processes 
which  run  at  high  sample  rates  would  generally  be  relegated 
to  the  mezzanine  board.  In  the  case  of  the  phase  locked  loop 
which  has  only  two  discrete  functions,  the  loop  program 
runs  in  node  0,  while  node  1  runs  a  ten  pole  constant  phase 
filter  with  a  sampling  rate  of  10  KHz  which  filters  the 
output  of  the  phase  reference  A/D  converter  and  conditions 
the  signal  to  the  format  required  by  the  phase  comparator. 
In  this  case,  the  mezzanine  in  not  equipped. 

PROTOTYPING  OF  FEED  FORWARD 
SYSTEM 

The  booster  dipole  power  supply  employs  a  feed 
forward  system  to  improve  tracking  accuracy(4).  This 
system  employs  digital  data  storage  and  analog  signal 
processing.  In  order  to  gain  an  immediate  improvement  in 
booster  performance,  it  was  decided  that  a  prototype  of  the 
digital  feed  forward  block  which  had  been  developed(S)  for 
this  project  would  be  constructed  and  installed  on  the  old 
power  supply.  To  accomplish  this,  we  made  use  of  the  fact 
that  the  SDIC  (servo  data  I/O  channel)  had  a  VME  interface 
in  addition  to  the  internal  bus,  and  also  that  a  D/A  converter 
had  been  provided  for  test  purposes.  A  transition  module 
was  constructed  to  take  the  place  of  the  old  feed  forward 
module  in  the  regulator  NIM  bin.  This  module  supplies  the 
start  of  cycle  strobe,  clock,  and  error  signal,  and  receives 
the  feed  forward  correction  voltage  which  is  summed  into 
the  analog  voltage  feed  back  loop. 

An  adjacent  VME  crate  holds  a  VME  AT,  a  purchased 
DSP  module  with  a  VME  interface,  and  an  SDIC.  The 
control  program  was  written  in  C,  and  runs  at  an  interrupt 
rate  of  720  Hz.  Initialization  is  as  described  above.  This 
system  resulted  in  a  factor  of  20  decrease  in  acquisition 
time,  and  a  factor  of  S  increase  in  tracking  accuracy. 

Measurements^)  indicate  a  improvement  in  booster 
tune,  and  we  now  observer  a  considerable  improvement  in 
pulse  to  pulse  stability  as  well  as  increased  booster  current. 

DEBUG  ENVIRONMENT 

The  system  host  PC  is  provided  with  compilers  for  the 
80386,  68030,  and  TMS320C3X  processors.  In  this  way, 
an  application  program  may  be  written  in  C  and  compiled  to 
run  on  any  of  the  three  processors.  Programs  are  written  to 
be  bus  independent,  and  a  bus  specific  driver  is  written  for 
each  processor  type  as  required. 


The  first  level  of  debugging  was  related  to  hardware 
in  application  modules  such  as  the  trigger  generator  and 
servo  data  I/O.  This  was  accomplished  by  writing  test 
programs  in  C  and  running  them  on  the  on  the  PC. 

Liberal  use  of  color  in  the  displays  greatly  facilitated  the 
development  effort.  These  programs  read  and  write 
registers,  and  in  addition  to  providing  application  specific 
functions,  could  be  made  to  loop  in  order  to  facilitate 
trouble  shooting  with  test  instruments. 

At  the  second  level,  an  application  was  written  and  run 
on  the  purchased  DSP  module.  This  communicated  with 
the  application  directly  over  the  VMEbus,  or  through  an 
adapter  module  which  mapped  VME  A16  D16  to  the  A32 
D32  of  the  P3  internal  bus.  In  this  way,  a  program  could 
be  run  on  a  TMS320C30  with  a  VME  interface,  then  by 
changing  the  driver,  transferred  to  a  DSAP  module  where 
communication  takes  place  over  an  internal  module  to 
module  bus  or  the  VSBbus. 

The  third  level  of  debugging  is  that  of  the  DSAP 
module.  This  debug  facility  was  designed  around  two 
commercially  available  products.  The  TMS320C3X  system 
is  designed  around  the  Emulator  Porting  Kit(7)  and  is 
described  in  (3).  The  68030  system  consists  of  a  monitor 
which  is  resident  in  SRAM,  and  a  debug  controller  which 
runs  on  a  PC-386.  The  two  systems  communicate  over  a 
serial  port.  The  monitor  is  down  loaded  to  SRAM  by 
means  of  the  TMS320C31  loader/DMA  on  the  68030 
bus(3).  In  the  case  of  the  DSAP,  the  EPK  runs  on  the 
system  host,  while  the  68030  debugger  runs  on  a  stand 
alone  PC.  In  this  way,  the  68030  I/O  processor  and  a  DSP 
node  may,  for  instance,  be  single  stepped  simultaneously,  to 
check  message  passing  between  the  two  processors.  Both 
systems  provide  extensive  window  based  facilities  which 
allow  manipulation  of  memory  and  processor  registers. 

OPERATING  ENVIRONMENT 

During  normal  operation,  all  process  initialization  is 
done  via  the  test  bus  controller/emulator  bus.  In  this 
instance,  we  invoke  not  the  EPK,  but  a  program  whose  only 
function  is  to  load  executable  files  to  a  given  starting 
address.  The  system  load  resides  on  a  hard  disk,  but  we 
envisage  converting  to  a  WORM  drive  before  the  equipment 
is  placed  in  permanent  service.  The  hard  drive  will  be 
retained  for  further  development  work  and  to  trap  errors  as 
required,  but  would  be  powered  down  when  not  in  use. 

Since  each  DSAP  module  is  equipped  with  a  test  bus 
controller  IC,  system  problems  may  be  resolved  by  using 
the  on-board  emulation  rather  than  resorting  to  external  test 
equipment. 


1862 


60  HZ 

PHASE  REFERENCE 

DSAPO  I 


1.  10  POLE 

CONSTANT  PHASE  FILTER 

2.  PHASE  LOCKED  LOOP 


T 

SYSTEM  TIMING 


1000  VOLT 
POWER  SUPPLY 


DSAP2 


1.  VOLTAGE  FEEDBACK 

2.  PHASE  VOLTAGE 

3.  SAMPLE  RATE  CONV 

4.  FILTER  DAMPING 

ERSION 

t 

SUPPLY  VOLTAGE 

FILTER  CURRENT 


100  VOLT 
POWER  SUPPLY 


DSAP1 


1.  VOLTAGE  FEEDBACK 

2.  PHASE  VOLTAGE 

3.  SAMPLE  RATE  CONVERSION 

4.  FILTER  DAMPING 


SUPPLY  VOLTAGE 

FILTER  CURRENT 


DSAP3 


1.  FEED-FORWARD 

2.  VOLTAGE  LOOPS 

3.  CURRENT  LOOP 

4.  RIPPLE  REDUCTION 

5.  SAMPLE  RATE  CONVERSION 


TRIGGER 

GENERATOR 


SYSTEM  SOFTWARE  CONFIGURATION 

Fig.  1 


REFERENCES 


[1]  R.  Olsen,  J.  Dabrowski,  J.  Murray  "Control  System 
for  NSLS  Booster  Power  Supply  Upgrade"  these 
proceedings. 

[2]  For  an  outline  of  each  module  function  see  R.  Olsen, 

J.  Dabrowski,  J.  Murray,  "Dipole  Power  Supply  for 
National  Synchrotron  Light  Source  Booster  Upgrade" 

1992  IEEE  Nuclear  Science  Symposium  Conference 
Record,  p.  572. 

[3]  R.  Olsen,  J.  Dabrowski,  J.  Murray,  "Digital  Signal 
.Array  Processor  for  NSLS  Booster  Power  Supply 
Upgrade"  these  proceedings. 


[4]  B.  B.  Culwick,  R.  E.  Olsen,  "Application  of  a  Digital 
Trigger  Generator  to  NSLS  Booster  and  Storage  Ring 
Power  Supplies;  Proceedings,  1983  Particle 
Accelerator  Conference,  IEEE  Transactions  on  Nuclear 
Science. 

[5]  J.  Murray,  R.  Olsen,  "A  Differential  -  Decay  Control 
for  Ramped  Magnet  Current"  Proc.  1992  IEEE 
Regional  Controls  Conference,  Polytechnic  University 
of  Brooklyn,  NY,  pp.  85-88. 

[6]  E.  Blum,  R.  Nawrocky,  "Tune  Measurement  in  the 
NSLS  Booster  Synchrotron"  these  proceedings. 

[7]  Spectron  Microsystems. 

[8]  Texas  Instruments 

[9]  TMS320C3X  User  Guide  pp.  11-56 


1863 


Control  Units  for  APS  Power  Supplies* 


O.D.  Despe,  C.  Saunders,  D.  G.  McGhee 
Argonne  National  Laboratory,  Argonne,  Illinois  60439 


Abstract 

The  Advanced  Photon  Source  (APS)  accelerator  facility  is 
made  up  of  five  major  subsystems  in  addition  to  the  linac:  the 
positron  accumulator  ring  (PAR),  low  energy  transport  (LET), 
booster  synchrotron  (SYNCH),  high  energy  transport  (HET), 
and  the  storage  ring  (SR).  Each  subsystem  has  multiple  magnet 
and  power  supply  combinations,  some  requiring  multiple 
modes  of  operation.  These  magnet  and  power  supply  combina¬ 
tions  are  computer  controlled  and  monitored.  The  power  supply 
control  unit  (PSCU)  is  the  first  layer  of  hardware  and  software 
directly  above  the  power  supply  itself  and  is  described  in  this 
paper.  The  description  includes  the  basic  philosophy  for  each 
mode  of  operation  and  how  it  influences  the  topology  and 
means  of  implementing  control.  The  design  of  the  analog  refer¬ 
ence  blocks  (ARBs)  influenced  the  design  of  other  custom  func¬ 
tions  as  well  as  the  feedback  controls  for  vibration  and  other  dy¬ 
namic  corrections.  The  command  set  supported  by  the  PSCU  is 
discussed. 

I.  INTRODUCTION 

Four  basic  ideas  form  the  control  philosophy  that  deter¬ 
mined  the  design  of  the  power  supply  control  unit  (PSCU):  1) 
buy  commercial  rather  than  build,  2)  use  optical/fiber  transmis¬ 
sion  for  digital  signals,  3)  use  differential  twisted  shielded  pairs 
for  short  off-card  analog  transmission,  and  4)  control  analog 
reference  via  pulses  to  an  UP/DN  counter  feeding  the  reference 
digital-to-analog  converter  (DAQ  to  improve  noise  rejection. 
The  PSCU  is  the  first  layer  of  hardware  and  software  above  the 
power  supply  itself.  A  typical  rack  with  eight  power  supplies  is 
controlled  by  one  PSCU.  Each  PSCU  is  connected  to  the  host 
computer  via  a  two-tiered  local  area  network  (LAN)  (see  Figure 
1). 


A  typical  full  rack 

Figure  1.  APS  Control  Hierarchy 


*  Work  supported  by  the  U.S.  Department  of  Energy,  Office  of  Ba¬ 
sic  Energy  Sciences  under  Contract  No.  W-31-109-ENG-38. 


The  host  computer  is  connected  via  a  10-MBit/sec  Ethernet 
LAN  to  VME-based  Input/Output  Controllers  (IOCs)  distrib¬ 
uted  around  the  accelerator  facility.  The  IOCs  are  connected  to 
the  PSCUs  and  other  field  instruments  by  a  375-KBit/s  master- 
slave  BitBus  network.  Each  PSCU  is  connected  to  the  power 
supplies  it  controls  via  custom  cabling.  The  Ethernet  and  Bit- 
Bus  networks  are  implemented  with  optical  fibers.  All  digital 
signals  from  and  to  the  PSCU  are  optically  coupled  to  improve 
noise  immunity.  To  reduce  the  number  of  cables  between  the 
PSCU  and  the  controlled  power  supplies,  serial  transmission  of 
digital  signals  is  used.  Analog  signals  with  10-bit  or  less  resolu¬ 
tion  are  transmitted  and  received  differentially  using  twisted 
pairs.  A  key  function  block  is  the  analog  reference  block  (ARB) 
located  in  the  remote  DAC/ADC  board  (see  Figure  2).  This  de¬ 
sign  results  from  implementation  of  the  fourth  idea  of  the  con¬ 
trol  philosophy,  i.e.  analog  reference  should  change  only  as  a 
result  of  counting  UP/DN  pulses  to  assure  smooth  changes  in 
the  reference  voltage. 

1.1  Hardware 

The  PSCU  is  a  680xx  microprocessor-based  system  housed 
in  a  16-slot  Eurocard  chassis  using  a  G-6-64/G-96  compatible 
bus.  A  250-watt,  built-in  power  supply  provides  ±12  V  and 
+5  V  power  to  the  chassis.  The  compatible  cards  (commer¬ 
cially  produced  by  GESPAC  Inc.  (1]  of  Mesa,  AZ  and  custom- 
made  (see  *)  by  ANL)  for  a  typical  full  rack  configuration  are: 


Items 

#  of  Cards 

CPUCard  with  memory 

1 

BitBus  Adapter 

1 

Differential  input  analog  card 

2(32) 

Opto  Coupled  digital  In 

2(64) 

Opto  Coupled  digital  out 

2(64) 

16-bit  timer  card  * 

2(4) 

Arbitrary  Fnc  Gen  (AFG)  * 

2(4) 

ADC/D  AC  Intf  * 

1(8) 

1.10  CPU  Cards  (GESSBS6-A,  Gesmpu-30H) 

The  booster  synchrotron  has  four  types  of  dynamic  sup¬ 
plies,  namely:  dipole,  quadrupole,  sextupole,  and  correction 
supplies.  A  MC68030  25-MHz  CPU  board  Gesmpu-30H  is 
used  for  these.  All  other  supplies  use  an  MC68000  16- MHz 
CPU  board  Gessbs6-A. 

1.11  BitBus  Adapter 

This  card  is  the  interface  to  the  375-KBit/s  network  be¬ 
tween  the  IOCs  and  all  PSCUs.  This  master/slave  network  im¬ 
plementation  was  chosen  for  its  simplicity  but  with  a  standard 
communication  protocol  (transparent  error  correction). 

1.12  Differential  ADC  (GES ADC-3) 

This  unit  provides  16  analog  channels  with  differential  in¬ 
puts.  It  is  built  around  an  Analog  Devices  AD576  (12-bit  ADC) 
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and  a  unity  gain,  high  voltage,  common  mode  instrumentation 
amplifier  (Burr  Brown  INA117).  Its  conversion  time  is  35  ps. 

1.13  Digital  Inputs  (GESINP-2A) 

Thirty-two  optically  coupled  digital  signals  are  connected 
to  this  unit  via  two  26-pin  connectors.  The  nominal  input  level 
required  is  12  volts  for  a  HIGH  and  0  volt  for  a  LOW.  Isolation 
is  rated  at  1500  V. 

1.14  Digital  Outputs  (GESOUT-3A) 

Thirty-two  optically  coupled  digital  signals  are  output 
from  this  unit  via  two  26-pin  connectors.  It  has  a  power-on  reset 
only.  Resetting  the  CPU  board  will  not  affect  its  output  states. 
The  open  collector  output  lines  can  drive  up  to  100  mA.  The 
voltage  rating  of  the  output  transistor  is  24  V.  Isolation  is  rated 
at  1500  V. 

1.15  Timer  Card  (Custom) 

Two  9513  counter  chips  together  with  an  8-bit  digital  I/O 
for  control  and  monitoring  are  provided.  This  card  generates  a 
programmed  number  of  pulses  for  four  power  supplies.  The 
power  supplies  can  be  programmed  individually,  generating  the 
pulses  upon  receiving  the  software  command  (SyncMode=0), 
or  as  a  group,  waiting  for  an  external  trigger  (SyncMode=l)  be¬ 
fore  delivering  the  pulses.  This  card  also  provides  the  two  quad¬ 
rature  clock  pulse  trains  used  by  the  pulse  width  modulated 
(PWM)  chopper  supplies.  Its  output  consists  of  differential  line 
drivers  for  optical  couplers  to  provide  isolation  and  reduced  in¬ 
terference  pickup. 

1.16  ADC/D  AC  Interface  (Custom) 

This  unit  accepts  pulse  train  input  horn  up  to  eight  remote 
ADCs/DACs.  This  allows  the  monitoring  of  analog  signals  of 
higher  precision  than  that  provided  by  the  GES ADC-3  de¬ 
scribed  earlier,  such  as  transductor  or  shunt  signal.  It  enables 
the  readback  of  the  reference  DAC’s  digital  input.  This  card 
also  allows  selection  of  the  control  source  few  the  DAC’s  input 
from  the  PSCU  or  some  other  external  source  (such  as  the  Diag¬ 
nostics  group). 

1.17  Arbitrary  Function  Generator  (Custom) 

The  design  of  this  arbitrary  function  generator  (AFG)  card 
is  based  on  the  design  described  in  a  paper  published  in  the  199 1 
PAC  Proceedings  entitled  “Arbitrary  function  generator  for 
APS  injector  synchrotron  correction  magnets,”  [2],  The  design 
is  constrained  by  the  way  the  analog  reference  block  works.  The 
idea  is  to  control  gating  of  the  UP/DN  pulses  to  the  DAC  count¬ 
er  in  order  to  direct  the  analog  output  of  the  DAC  to  follow  the 
desired  function.  The  information  that  determines  if  a  pulse  is 
allowed  to  reach  the  UP/DN  counter  as  well  as  the  direction  (up/ 
dn)  information  is  stared  in  a  first-in-first-out  (FIFO)  memory 
of  the  appropriate  depth. 

It  is  worth  mentioning  that  only  two  bits  of  information  are 
needed  to  encode  a  point  in  the  waveform  for  any  DAC  resolu¬ 
tion  compared  to  a  full  n-bit  requirement  for  the  conventional 
AFG  design.  As  a  consequence,  the  standard  9-bit  FIFO  can 
store  information  for  four  channels.  This  card  is  used  to  gener¬ 
ate  the  reference  analog  voltage  required  by  the  dynamic  sup¬ 
plies  of  the  injector  synchrotron. 


1.2  Software  Modules 

The  embedded  application  software  that  runs  in  the  PSCU 
is  a  multi-tasking  program  written  in  the  C  language  under  Mi¬ 
croware’s  OS-9  operating  system.  The  modules  that  make  up 
the  application  are  the  main,  my_defs.h,  pscu_9513Ji, 
shmem.h,  rs232,  and  bitbus  modules.  These  modules,  when 
compiled  and  linked  together,  produce  the  executable  code 
burned  into  the  application  EPROMs. 

1.20  main  This  module  initializes  the  hardware 

and  software  states  of  the  PSCU.  It  creates  the  shared  data  block 
shmem  and  also  forks  (creates)  the  two  tasks  rs232  and  bitbus. 

1.21  mydefs.h  This  module  contains  defined  constants 
global  to  the  program,  such  as  board  ID  numbers,  control  port, 
and  data  port  addresses  for  all  cards  in  the  PSCU. 

1 .22  pscu_9513.h  Constants  for  programming  master  registers 
as  well  as  counter  mode  registers  for  all  timers  are  contained  in 
this  module. 

1 .23  shmem.h  This  is  the  data  module  created  by  main 

as  part  of  program  startup.  It  is  a  global  module. 

1.24  rs232  and  bitbus  These  are  the  two  tasks  that  support  the 
full  operation  of  the  PSCU.  The  rs232  module  supports  the  use 
of  RS232-C  for  local  control  of  the  PSCU  after  local  control  is 
granted  by  the  host  while  bitbus  is  intended  for  normal  opera¬ 
tion. 

1.3  Command  Set 

All  commands  are  associated  with  a  power  supply  number. 
The  standard  command  syntax  of  a  PSCU  command  is: 
command  <power  supply  #>  <argument0  argumentl  ...argu¬ 
ments.  Below  is  a  partial  listing  of  the  commands. 

rampto  <ps>  <value> 

Ramp  <ps>  to  <value>  where  <value>  is  a 
decimal  integer  (i.e.  9000). 
setrate  <ps>  <ramprate> 

Set  ramp  rate  divider  of  <ps>  to 
<ramprate>  where  <ramprate>  is  an  integer 
setbyte  <ps>  <hexval> 

Set  control  byte  of  <ps>  to  <hexval> 
where  <hexval>  is  a  hex  byte  (i.e.  8f). 
getsb  <ps> 

Print  hex  byte  content  of  input  port 
showstate  <ps> 

Print  summary  of  <ps>  database 
contents, 
calibrate  <ps> 

Calibrate  precision  ADC  of  <ps>. 
getrb  <ps>  <rb> 

Perform  A/D  conversion  and  print  result  in 
hex  format  where  <ps>  is  0-7  (-1  means 
all),  <rb>  is  0-4  (-1  means  all). 

0  means  precision  ADC  (5  chars  printed), 
1-4  means  12bit  ADC  (4  chars  printed), 
getdac  <ps> 

Print  hex  value  of  hardware  DAC  input 
setaf  <ps>  <npts>  <time  value  pairs> 

Set  arbitrary  function  for  <ps>  with  <npts> 
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time  value  pairs.  <time  value  pairs>  are  the 
data  points  to  specify, 
setbias  <ps>  <bias> 

Set  arbitrary  function  for  <ps>  to  <bias> 
bias  value. 

H.  GENERAL  OPERATION 
Figure  2  shows  the  typical  magnet  power  supply  control 
chain  that  starts  from  the  VAX  or  SUN  host,  to  the  IOC,  to  the 
power  supply  control  unit,  down  to  the  regulator  and  signal 
conditioning  Mock.  The  PSCU  communicates  to  each  power 
supply  using  optically  coupled  digital  signals  and  differential 
shielded  twisted  pairs  for  analog  signal  transmission. 

The  BitBus  command  packet  transmitted  to  the  PSCU  con¬ 
tains  the  node  address  (rack  number),  the  command  code,  pow¬ 
er  supply  number  ID,  and  the  required  parameter  bytes  ap¬ 
propriate  for  the  command  as  well  as  the  bytes  required  for  the 
host  communication  protocol.  The  node  address  selects  one  of 
the  221  cabinet  racks  on  top  of  the  storage  ring  tunnel.  Bach 
rack  has  one  PSCU  that  handles  the  operation  and  monitoring 
of  six  to  eight  magnet/power  supply  pairs. 

'  External  Data 


When  a  command  is  received  from  the  host  via  the  LAN,  the 
PSCU  receives  an  interrupt  from  the  communication  hardware. 
The  message  is  sent  according  to  a  specific  format,  decoded 
into  its  various  components  (command,  power  supply  #,  and  ap¬ 
propriate  parameter  values),  and  used  by  the  embedded  PSCU 
software  to  execute  the  command.  All  commands  received  are 
compared  to  a  table  of  commands  supported  by  the  particular 
PSCU;  an  invalid  command  results  in  a  null  operation. 

ID.  CONCLUSION 

The  control  unit  designed  for  the  APS  power  supplies  tried 
to  follow  the  control  philosophy  outlined:  buy  rather  than  build, 
use  optical/fiber  coupling  for  digital  signal  transmissions  and 
differential  twisted  shielded  pairs  for  short  off-card  analog 
transmission,  and  control  analog  reference  via  UP/DN  pulses  to 
a  counter  feeding  the  reference  DAC.  For  certain  functions,  the 
desired  features  can  only  be  supplied  by  custom  design  as  in  the 
cases  of  the  Timer  card,  ADC/D  AC  interface  card,  and  the  AFG 
card.  However,  custom  design  has  allowed  the  use  of  dense, 
electrically  programmable  logic  devices  (EPLD)  [3]  that  has  re¬ 
sulted  in  reduced  component  counts  which  should,  in  turn,  im¬ 
prove  overall  system  reliability. 

IV.  REFERENCES 
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Figure  2.  Signals  between  PSCU  and  a  Typical  Power  Supply 
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Abstract 

Previous  readings  of  DCCT  were  limited  to 
1 1  bits  of  resolution  with  large  offsets  and  drifts, 
providing  inaccurate  data.  The  current  design 
overcomes  this  limitation  by  using  Analog  Device's 
AD7703  20  bit  serial  output  ADC  to  digitize  the 
main  magnet  DCCT  at  the  power  supply,  and 
transmit  the  data  serially  at  2KHz  over  to  the  VME 
controller. 


I.  INTRODUCTION 

The  new  system  was  designed  to  interface 
seven  main  magnet  power  supply  DCCTs  for  the  X- 
ray  ring,  and  eight  power  supplies  for  the  VUV  ring 
with  their  respective  VME  controllers.  To  prevent 
disturbance  of  the  power  supplies,  each  with  its  own 
carefuly  balanced  isolated  DC  supply,  any  signal 
leaving  the  power  supply  must  be  isolated.  In 
addition,  the  distance  between  the  analog  signal 
source  and  the  VME  must  be  kept  to  a  minimum. 

The  new  approach  satisfies  the  above  criteria 
by  digitizing  the  DCCT  analog  signal  at  the  power 
supply  and  transmitting  the  digitized  signal  serially 
via  an  opto-isoiator.  On  the  VME  side  the  received 
signal  passes  through  additional  opto-isoiators  and 
the  serial  data  is  converted  to  a  parallel  format.  This 
method  achieves  isolation  from  the  power  supply 
source,  high  noise  immunity  of  the  transmitted 
signal,  and  insensitivity  to  cable  length.  It  requires 
only  a  few  wires  for  transmission,  and  eliminates 
ground  loop  noise  in  the  VME. 


’Work  performed  under  the  auspices  of  the  U.S.  Department 
of  Energy. 


II.  DIGITIZER 

The  main  components  of  the  digitizer  are  the 
input  instrumentation  Amplifier  (AD620),  a 
precision  reference  (LT1019-2.5)  and  a  20  bit  sigma 
delta  ADC  (AD7703).  The  ADC  is  a  sigma  delta 
converter  which  has  a  built-in  6  pole  low  pass 
gausian  filter.  The  cut-off  frequency  is  a  function  of 
the  ADC  crystal  clock  input.  With  a  2Mhz  clock, 
the  cut-off  is  set  to  5  Hz  and  the  rejection  at  60  Hz 
is  90dB.  The  output  of  the  ADC  is  in  serial  format: 
clock  signal,  data  signal  and  a  ready  signal.  This 
format  interfaces  directly  with  shift  registers  without 
additional  hardware.  In  the  circuit  these  outputs  are 
first  opto-isolated,  then  buffered  through  a 
differential  line  driver.  Figure  1  shows  the  block 
diagram  of  the  digitizer  box. 

The  ADC  can  be  self-calibrated  by  raising 
an  input  bit.  The  self  calibration  procedure  measures 
the  ground  potential  and  the  reference  level,  and 
recalculates  the  gain  coefficient  which  is  stored  in 
the  ADC.  The  ADC  is  configured  to  operate 
continuously,  with  a  transmision  rate  of2KHz. 

In  the  impiimentation  of  the  circuit,  high 
precision  resistors  with  low  temperature  coefficients 
were  used  to  set  the  gains.  No  potentiometers  were 
used,  thus  rendering  the  circuit  very  stable.  Each 
channel  was  calibrated  and  the  slight  offset  and  gain 
were  corrected  in  the  VME  software.  Calibration  is 
effected  by  injecting  a  precise  voltage  source  to  the 
ADC  inputs  and  modifing  the  coefficient  in  the 
computer  data  base  to  correct  for  any  errors. 

III.  VME  BOARD 

Each  VME  board  accepts  4  individual 
channels,  where  each  signal  first  passes  through  an 
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opto-isolator.  The  clock  and  data  signal  interface 
directly  with  three  8  bit  shift  registers.  The  ready 
signal  latches  the  output  of  the  shift  registers  into 
three  8  bit  wide  latches.  These  latches  are  mapped 
as  memory  in  the  VME  memory  space.  Since 
converted  data  is  always  available  and  updated  in 
these  memory  locations,  the  VME  can  access  the 
data  at  any  rate  any  time.  The  whole  ADC 
conversion  is  transparent  to  the  VME  and  relieves 
the  VME  processor  from  the  usual  software 
overhead  involved  in  interfacing  with  ADC's.  The 
VME  can  initiate  a  calibration  pulse  to  all  the  ADC's 
at  any  time,  and  freeze  any  update  of  the  latches. 
The  latter  is  needed  when  the  VME  accesses  the  full 
20  bits  of  data.  Since  the  VME  data  bus  is  set  to  1 6 
bits,  two  READ  instructions  are  needed  to  access 
the  full  20  bits. 


IV.  RESULTS 

All  units  were  built  and  installed  and  when 
calibrated  showed  an  offset  on  the  order  of  a  few 
millivolts  (out  of  10  volts  )  and  less  then  0  5%  gain 
variation  from  the  desired  nominal  gain.  A  bench 
test  of  the  ADC  units  showed  better  then  18  bits 
RMS  noise  (Figure  3).  During  operation,  the  set 
points  to  the  power  supplies  are  set  by  16  bit 
DAC's.  Although  the  readbacks  contained  20  bits, 
only  16  bits  have  been  displayed  thus  far.  When  the 
set  points  were  compared  with  the  16  bit 
readbacks,  in  most  of  the  supplies  the  two  readings 
agreed  across  all  16  bits,  (excluding  some  small 
fixed  offset).  In  some  readbacks  jumps  of  only  two 
bits  were  noticed. 


Figure  1.  Digitizer  block  diagram 


Figure  3.  No  se  measurement.  Input  to  ADC  is  5V 


V.  CONCLUSION 

The  upgraded  system  is  simple  and  cost 
effective,  where  the  most  expensive  ADC  IC  is  less 
than  $25.  The  interface  is  very  flexible  (i.e.  the 
VME  board  can  accept  any  24  bit  data  stream)  and 
immune  to  noise  and  cable  length.  [With  stable  and 
repeatable  read  backs,  comparison  between  DCCT 
readings  and  Hall  Probe  readings,  could  show 
hysteresis  effects  in  the  magnets.  ] 


Figure  2.  VME  block  diagram 
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Abstract 

The  Advanced  Light  Source  (ALS)[1]  is  a  third 
generation  synchrotron  radiation  facility,  and  as  such,  has 
several  unique  timing  requirements.  Arbitrary  Storage  Ring 
filling  patterns  and  high  single  bunch  purity  requirements 
demand  a  highly  stable,  low  jitter  timing  system  with  the 
flexibility  to  reconfigure  on  a  pulse-to-pulse  basis.  This 
modular  system  utilizes  a  highly  linear  Gauss  Clock  with  "on 
the  fly"  programmable  setpoints  to  track  a  free-running 
Booster  ramping  magnet  and  provides  digitally  programmable 
sequencing  and  delay  for  Electron  Gun,  Linac,  Booster  Ring, 
and  Storage  Ring  RF,  Pulsed  Magnet,  and  Instrumentation 
systems.  It  has  proven  itself  over  the  last  year  of  accelerator 
operation  to  be  reliable  and  rock  solid. 

L  INTRODUCTION 

ALS  consists  of  an  Electron  Gun  with  a  gated  125  MHz 
repetition  rate.  The  gun  injects  into  a  3  GHz  50  MeV  Linac 
providing  acceleration  to  the  injection  energy  of  the  500  MHz 
Booster  Synchrotron.  A  Peaking  Strip  and  Gauss  Clock  track 
the  slope  of  the  Booster  Bend  Magnet  ramp,  providing  field- 
derived  triggers  for  the  various  injection  systems. 

The  1  Hz  Injection /Booster  system  allows  up  to  twelve 
500  MHz  buckets  to  be  bunched,  accelerated  and  stored  each 
cycle.  When  extracting  beam  from  the  Booster,  an  array  of 
fast  pulsed  magnets  are  individually  triggered  by 
programmable  digital  timers,  referenced  to  the  Gauss  Clock, 
so  that  their  extraction  fields  coincide  with  the  arrival  of 
beam. 

The  timing  system  features  a  very  flexible  Storage  Ring 
loading  scheme  that  targets  accelerated  bunches  into  Storage 
Ring  buckets  as  defined  by  a  spreadsheet-based  control 
program.  The  targeted  buckets  can  be  re-targeted  on  a  cycle-to 
-cycle  basis,  and  can  be  loaded  into  any  combination  of 
Storage  Ring  buckets  and  in  any  order. 

II.  HARDWARE 

We  use  Eurocarl  3U  modules  for  most  of  our  low  level 
construction.  We  found  no  difficulty  passing  high  speed  logic 
signals  across  the  96-pin  DIN  connector  using  adjacent  pins 
and  differen'ial  format  One  double  rack  was  reserved  for 
timing  system  components,  of  which  40%  is  available  for 
future  development 

Test  points  are  brought  to  SMA  connectors  on  the  front 
panel  and  are  individually  buffered.  ECL  signals  leaving  a 
module  are  always  differential  and  routed  in  twisted  pairs. 

To  control  temperature  rise,  each  module  was  limited  to 
four  watts  dis-  f  iuon.  No  blowers  are  used,  so  cooling  is 
entirely  by  conduction  &  convection. 


•This  work  was  supported  by  the  Director,  Office  of  Energy  Research, 
Office  of  Basic  Energy  Sciences,  Materials  Sciences  Division,  of  the  U.S. 
Department  of  Energy  under  Contract  No.  DE-AC03-76SF00098. 


III.  LOGIC  FAMILY  SELECTION 

An  early  problem  was  the  choice  of  a  logic  family.  The 
timing  system  frequently  uses  500  MHz  clock  frequencies, 
and  even  when  lower  frequencies  are  used,  preservation  of 
edge  resolution  is  crucial.  Conventional  TTL  logic  is  totally 
incapable  of  performing  in  this  area;  even  conventional  ECL 
logic  is  pushed  beyond  its  capabilities.  Gallium  Arsenide  logic 
was  available,  but  costs  were  quite  high.  A  variant  of  ECL 
called  ECLiPS  (ECL  in  PicoSeconds)[2]  was  introduced  by 
Motorola  that  fit  our  needs.  ECLiPS  handles  speeds  almost 
three  times  as  high  as  conventional  ECL  and  dissipates  half 
the  power.  It  uses  conventional  ECL  logic  levels  and  is 
packaged  in  a  28-pin  PLCC  surface  mo'"'t  package. 

IV.  PC  BOARD  DESIGN 

Due  to  the  very  high  edge  speeds  (300  ps)  of  ECLiPS,  the 
printed  circuit  layout  must  follow  guidelines  similar  to  UHF 
RF  designs[3].  All  signal  lines  are  configured  as  50  Ohm  strip 
lines  or  microstrip  lines  and  are  terminated  at  their 
destinations.  Low  impedance  ground  planes  and  power  planes 
help  maintain  good  noise  margins.  A  four-layer  board  with 
onesignal  plane  was  adopted  for  simple  designs  and  a  six- 
layer  board  with  two  signal  planes  is  used  for  more  complex 
layouts. 

FR-4,  a  glass  epoxy  based  substrate,  was  chosen  for 
economy.  The  dielectric  constant  is  not  tightly  controlled,  but 
is  quite  adequate  for  this  service.  True  "RF  grade"  substrates 
tend  to  have  high  dielectric  constants,  which  increase  the 
propagation  delays,  and  are  significantly  more  costly. 

V.  CONTROL  SYSTEM 

The  control  system  in  use  at  the  Advanced  Light  Source 
is  based  on  a  custom-designed  controller,  the  ILC  (Intelligent 
Local  Controller)  [4,  5].  An  ILC  is  installed  in  each  timing 
system  bin  that  requires  real-time  external  control.  Timing 
system  modules  are  designed  with  addressable  registers  so 
that  they  can  be  programmed  from  an  ILC  8  bit  I/O  port. 
Addressing  is  done  via  a  second  8  bit  port  and  up  to  16  four 
byte  registers  can  be  serviced  by  a  single  ILC. 

VI.  TIMING  SCHEME 

Timing  for  the  ALS  is  based  on  three  epochs.  These 
separate  epochs  are  necessary  because  the  Booster  Bend 
Magnet  is  driven  by  an  unregulated  voltage.  Current  (and 
Field)  will  rise  at  the  L/R  time  constant  (0.71  sec.)  of  the 
magnet. 

Epoch  1  is  driven  by  a  line  sync'd  clock  at  the  Booster 
rep-rate,  nominally  1  Hz.  Its  function  is  little  more  than 
"Phasing  On”  the  Booster  Bend  Magnet  power  supply,  and 
some  long  lead-time,  low  criticality  systems. 
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Epoch  2  is  defined  by  the  Bend  Magnet  reaching  the  field 
strength  necessary  to  bend  the  injected  50  MeV  electrons 
around  the  Booster  Ring.  This  point  is  determined  by 
measurement  of  the  magnetic  field  with  the  Gauss  Clock 
system.  Epoch  2  is  the  basis  of  timing  for  the  Electron  Gun, 
Linac,  and  Booster  Injection  Kicker. 

Epoch  3  is  defined  by  the  Bend  Magnet  reaching  the  field 
strength  consistent  with  the  desired  final  booster  energy, 
nominally  1.24  Tesla  @  1.5  GeV.  The  Gauss  Clock  system, 
again,  provides  the  signal.  Epoch  3  is  the  basis  of  timing  for 
extraction  from  the  Booster  and  injection  into  the  Storage 
Ring,  including  kickers,  septum,  and  bump  magnets.  The 
Booster  Bend  Magnet  ramp  is  terminated  several  milliseconds 
after  Epoch  3. 

VII.  CLOCKS 

There  are  4  clocks  utilized  in  the  timing  system,  all  but 
one  (line  sync)  are  derived  from  the  500  MHz  (499.654  MHz 
to  be  precise)  RF  Master  Oscillator: 

60  Hz  -  Derived  from  power  line,  used  to  establish  basic 
repetition  rate  of  the  machine. 

Booster  Ring  Orbit  Clock  (BROC)  -  4  MHz 
(500  MHz/125),  250  ns.  This  is  the  period  of  one  revolution  of 
an  electron  in  the  Booster  Ring. 

Storage  Ring  Orbit  Clock  (SROC)  -  1.523  MHz 
(500  MHz/328),  657  ns.  This  is  the  period  of  one  revolution  of 
an  electron  in  the  Storage  Ring. 

Coincidence  Clock  (COIC)  -  12.19  KHz 

(500  MHz/(  125*328)),  82  us.  Marks  the  beginning  of  the 
pseudorandom  intersection  pattern  of  the  Booster  and  Storage 
Ring  Buckets.  More  on  this  later. 

VIII.  GAUSS  CLOCK  SYSTEM 

Booster  Ring  injection  and  extraction  timing  are  primarily 
dependent  upon  the  field  in  the  Booster  Bend  Magnet.  The 
magnet  power  supply  is  turned  on  at  the  beginning  of  each 
Booster  cycle  (Epoch  #1)  and  the  current  is  allowed  to  ramp 
up  on  the  magnets’  L/R  time  constant.  It  is  not  possible  to 
predict,  with  the  required  accuracy,  just  when  the  field  will  be 
proper,  because  the  power  supply  voltage  is  unregulated  and 
residual  magnetism  is  left  in  the  magnet  core.  The  Gauss 
Clock  system  provides  real-time  magnetic  field  tracking  and  a 
set  of  programmable  trip  points,  which  can  be  set  in  absolute 
Gauss  via  an  ILC. 

The  timing  system  is  composed  of: 

Peaking  Str<p — A  RF-excited  sensing  coil  array[6]  wound 
on  a  Permalloy  strip  is  used  to  detect  when  the  Bend 
Magnet  field  reaches  100  Gauss. 

Pickup  Coil  — A  one-turn  shielded  loop  wound  around 
the  pole  of  one  of  the  24  series-connected  Bend  magnets. 
The  voltage  induced  into  the  loop  is  directly  proportional 
to  the  rate  of  rise  of  the  magnets  field. 

Voltage  to  Frequency  Converter — An  amplifier  and 
highly  linear  Quartz  controlled  V/F  converter  convert  the 
loop  voltage  to  a  logic  compatible  pulse  rate  in  the  1  to 
2  MHz  range. 


Programmable  Counter  Modules — 24  bit  programmable 

downcounters  that,  when  preset  by  the  ILC,  will  output  a 

pulse  when  the  downcount  reaches  zero. 

At  magnet  turn-on  time,  there  exists  some  unknown 
residual  field  in  the  magnet  core;  this  field  adds  to  the  field 
induced  by  the  now-ramping  magnet  current.  When  this  sum 
is  sufficient  to  counteract  a  bias  field  set  up  in  the  peaking 
strip,  an  inversion  of  the  magnetization  in  the  Permalloy  strip 
occurs.  A  short  output  signal  results.  The  bias  field  is  set  so 
that  this  inversion  occurs  at  about  100  gauss. 

When  the  Peaking  Strip  signals  that  the  Bend  Magnet 
field  has  crossed  100  Gauss,  the  Counter  modules  begin 
counting  the  output  of  the  V/F  converter.  The  counters  are,  in 
fact,  integrating  the  rate  of  rise,  and  the  count,  at  any  instant, 
is  proportional  to  the  absolute  field  (less  the  100  Gauss 
starting  point).  A  bank  of  these  counters,  each  preset  to  look 
for  its  dedicated  field  intensity,  count  in  parallel,  providing 
triggers  for  injection,  extraction,  Booster  Bump  magnet 
triggering,  and  instrumentation.  One  counter  provides  a  burst 
of  100  equi-gauss  spaced  sampling  pulses  used  to  control 
tracking  of  focusing  and  corrector  magnets  with  the  Booster 
Bend  magnet. 

IX.  INJECTION  LINE  TIMING 

The  Injection  system  must  produce  gated  bursts  of 
electron  bunches  at  a  125  MHz  rate.  The  bursts  may  contain 
one  to  twelve  bunches,  and  will  nominally  occur  at  one  burst 
per  second.  The  bunch  width  is  nominally  two  nanoseconds. 

Burst  gate  timing  is  dependent  on: 

1 .  Desired  repetition  rate. 

2.  Booster  Bend  Magnet  attaining  injection  field. 

3.  Phase  of  Booster  Ring  Orbit  Clock  (BROC). 

4.  Phase  of  1 25  MHz  RF  signal. 

The  last  two  dependencies  exist  so  that  an  electron  burst, 
when  steered  into  the  Booster,  will  always  begin  in  bucket  #1 
(thus  greatly  simplifying  the  task  of  timing  for  transfer  into  a 
selected  bucket  in  the  Storage  Ring).  When  all  four  conditions 
are  met,  a  synchronized  trigger  results.  This  is  Epoch  2.  This 
trigger  will  fire  the  Electron  Gun[7],  start  the  RF  system,  and 
trigger  the  Injection  Kicker  magnet  so  that  the  beam  arrives 
just  as  the  Kicker  reaches  its  flattop  region.  The  Buncher  and 
Linac  RF  system  is  triggered  about  16.5  uS  prior  to  beam 
arrival  at  the  Buncher.  Its  timing  system[8]  generates  the 
individual  gates  for  RF  system  components. 


Booster  Injection  Timing 
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Each  of  these  functions  must  have  versions  of  the  Epoch 
2  trigger  to  compensate  for  pre-trigger  requirements  and 
electron  time  of  flight.  The  gross  delays  are  achieved  by 
digital  countdown  of  the  BROC  period  while  fine  adjustment 
delays  are  done  with  an  Analog  Devices  AD-9500  very  fast 
analog  timer  chip. 

X.  TARGETING  THE  STORAGE  RING 


Imagine,  for  a  moment,  the  Booster  and  Storage  rings  as  a 
pair  of  intersecting  mechanical  gears.  The  Booster  gear  has 
125  teeth,  corresponding  to  its  125  beam  buckets,  and  the 
Storage  gear  has  328  valleys.  Now  paint  the  current 
intersection  of  the  Booster  tooth  and  Storage  valley  white,  this 
will  mark  bucket  #1  of  each  ring. 

Each  time  the  Booster  gear  revolves,  tooth  #1  will 
intersect  a  different  Storage  gear  valley,  1,  126,  251,  48,  173, 
etc.,  each  valley  is  offset  125  from  the  last.  This  series 
continues  unrepeating  until  Booster  tooth  #1  has  met  all  328 
Storage  gear  valleys  (328  Booster  revolutions).  This  is  the 
period  of  the  COIC  clock. 

Discarding  the  gear  analogy,  you  see  that  once  Booster 
Ring  beam  has  reached  the  desired  energy,  it  can  be  injected 
into  any  Storage  Ring  bucket  simply  by  delaying  injection  by 
"n"  BROC  periods  from  COIC.  "n"  is  derived  from  an 
equation  which  is  a  function  of  the  target  bucket  number 
(1-328).  A  programmable  up  counter  is  loaded  by  the  ILC 
with  2's  complement  of  "n." 

n  =  (2 1  x  r)  modulus  328 

where  "f"  is  the  target  bucket  in  the  Storage  Ring  and  "n"  is 
the  required  number  of  Booster  Ring  revolutions  after  COIC 
necessary  to  line  up  the  Booster  beam  with  the  target  bucket. 


ALS  Extraction  Timing 


Storage  Ring  loading  requirements  mandate  an  agile  control 
scheme.  Accelerated  beam  will  be  placed  into  Storage  Ring 
orbit  at  positional  offsets  (buckets)  that  may  vary  from  pulse 
to  pulse.  An  "Intelligent  Local  Controller”  (ILC)  is  dedicated 
to  controlling  this  process  and  is  provided  with  a  1  Hz  (Epoch 
1)  interrupt  to  insure  lockstep  with  Booster  cycles. 

A  Storage  Ring  loading  pattern  table  is  downloaded  to  the 
ILC  from  an  EXCEL  spreadsheet  application.  This  table  has 
an  entry  for  each  Booster  cycle,  and  may  include; 

A.  Target  Bucket  number. 

B.  Beam  Dump  trigger. 

C.  Idle  Mode  command. 

D.  Flow  commands  such  as  START,  STOP,  PAUSE, 
REPEAT,  etc. 


The  ILC  interrupt  steps  the  table  to  the  next  entry  and 
sends  appropriate  commands  to  the  hardware. 

The  loading  table  is  prepared  off-line  and  stored  on  disk; 
the  operator  simply  chooses  a  table  from  the  list  and  tells  the 
Accelerator  Control  system  to  load  and  start  it.  The  table  will 
execute  until  it  encounters  a  Stop  command  or  is  manually 
terminated. 
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Abstract 

From  a  systematic  analysis  of  readings  of  the  beam 
position  monitors  in  the  AGS  Booster  ring,  combined  with  the 
transfer  matrices  between  a  few  locations  in  the  ring, 
calculated  with  MAD  [1],  the  consistency  of  the  model  of  the 
lattice  has  been  tested.  This  technique  has  enabled  us  to  (i) 
detect  errors  in  the  machine  that  subsequent  survey  during 
shutdown  has  confirmed,  and  (ii)  to  measure  the  actual 
circulating  beam  momentum  offset.  The  method  has  proved 
rather  general  and  convenient  for  accelerator  diagnostics  as 
part  of  a  model-based  accelerator  control  system  and 
extensions  are  suggested. 

I.  INTRODUCTION 

We  had  two  motivations  for  this  work.  The  first  was 
specific:  to  find  the  displacement  of  the  closed  orbit  and  its 
angle  and  the  momentum  offset  of  the  beam  in  the  AGS 
Booster  in  order  to  calculate  correct  orbit  bumps  for  injection, 
extraction  and  so  on.  The  second  was  general:  to  set  up  a 
model  based  [2]  algorithmic  tool  to  search  systematically  for 
errors  in  the  machine  lattice  and  to  check  the  agreement 
between  the  real  machine  and  the  model.  For  this,  we  have 
used  the  orbit  data,  that  is,  the  values  of  the  orbit  displacement 
at  each  of  the  22  orbit  position  monitors  in  the  ring.  In  this 
work  we  have  considered  the  effect  of  orbit  measurement 
errors  only  as  "noise”.  Indeed,  the  purpose  of  the  present 
paper,  for  lack  of  space,  is  mainly  to  show  the  principles  of 
operation  of  the  tool  and  to  describe  a  few  examples  of 
application  to  the  AGS  Booster. 

II.  THEORETICAL  BASIS 


Consider  three  beam  position  monitors,  or  BPM's:  i,  j,  k. 
Here,  beam  position  readings  are 

(*,.  X;  X*).  (1) 

At  BPM  locations,  the  model  (MAD)  gives  dispersions 
and  their  derivatives 


(*7,  Vj  Vk)\(rt,  ri'j  Tfk)- 


(2) 


The  transfer  between  BPM-i  and  BPM-j  is  described  by 
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with  the  (unknown)  momentum  offset  of  the  beam 

Sp/p, 

and  transfer  matrices  between  BPM's,  whose  elements  are 
expressed  in  terms  of  the  machine's  Twiss  functions  a,  P,  <J> 

,  ,  (*  B) 

M-=[c  V  (4, 
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Eq.(4)  gives 

CiiJ)Xj  =  x1 .  -D(t,j)x!  .  +FiiJ)  dp  Ip 
CU  k)xt  =  jcV  -D(j,k)x'  t+Fu,k)  8p/p 
x,  -  A(i-j)Xj  =  B(i-j)x'j+E(,j)8p/p  ’  <5) 

Xj  -  AUMxk  =  Bu'k)x!  k  +EUM  8p/p 

with  the  definitions 

E(i  J)  =  7]^  AliJ)TJj-B(iJ)rfj 

r  •  (6) 

F(,J)  =-r]'.+Cu’J)ilJ ,+D^tIj 

Eqs.(4)  are  four  to  be  solved  for  the  four  unknown 
quantities,  the  beam  angle  at  the  chosen  PUE's  and  momentum 
offset 

(*',  x'j  x!k-,8p/p) .  (7) 

Among  several  possibilities,  let  us  choose  the  following 
strategy.  Survey  all  PUE's  in  the  ring  in  groups  of  three,  as 
follows 

1,2,3  2,3,4  3,4,5  . 

and  solve  the  system  (5)  for  each  group,  in  turn.  If  the 
machine  is  perfect  and  agrees  with  the  model,  there  will  be  an 
unique  solution  for 

Sp/p  X\  x'2x’3x’4  .... 

Otherwise,  if  one  obtains  different  values  when  calculated  in 
two  different  groups,  it  means  that  inside  either  group 
something  is  wrong,  like  a  localized  unexpected  kick  or  an 
erroneous  reading  in  a  monitor.  In  the  former  case,  to 
represent  the  machine  with  Eq.(4),  the  appropriate  correction 
should  be  found  and  inserted  in  the  transfer  matrices. 

The  procedure  can  be  extended  to  analyze  other  locations 
in  the  machine,  that  we  label  with  the  index  m,  other  than 
BPM’s.  Once  angles  and  momentum  offset  are  established  for 
a  group  of  three  monitors,  using  the  transfer  matrix  between 
any  one  of  them  and  m,  one  can  predict  position  and  angle 

at  the  new  location.  If  at  m  there  is  no  monitor,  we  will  not 
know  whether  these  values  reflect  the  reality,  but  we  know 
that,  if  at  m  there  is  anything  unpredicted  with  the  machine  (or 
the  model),  the  above  quantities  calculated  from  different 
groups  of  BPM’s  will  be  different.  In  particular,  they  will  be 
different  if  calculated  by  the  same  group  by  a  clockwise  or 
counter-clockwise  transformation  along  the  machine. 

It  is  easy  to  recognize  if  the  error  is  due  to  a  kick  or  to  a 
monitor  misreading.  In  the  former  case,  there  will  be  a 
different  result  when  the  calculation  is  performed  with  two 
groups  of  three  that  have  an  interval  in  common,  and  then  we 
will  search  for  the  kick  in  that  interval.  In  the  latter  case,  the 
result  will  be  different  if  calculated  with  two  groups  that  have 
a  monitor  in  common. 

The  eventual  kick  hx  can  be  found  in  the  following  way. 
As  a  specific  example,  assume  that  results  at  m  due  to  groups 
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(1,23).  (2.3.4),  (3,4,5)  and  then  (6,7,8),  (7,8,9)  give  the  same 
result  at  m,  while  groups  (4,5,6)  and  (5,6,7)  give  a  different 
result  This  may  mean  that  there  is  an  unknown  kick  between 
BPM's  4  and  5,  since  the  latter  two  groups  have  this  interval  in 
common. 

Now,  since  a  partial  solution  of  Eq.(5)  can  be  written  as 
follows 


(  **  > 
A  « 

M 

r* 

A  V 

_  p(» 

xj 

kSP/P; 

with  the  indices  u  and  v  being  any  two  of  i.j,  k.  The  elements 
of  P  for  a  "good"  triplet  must  be  identical  with  the  ones  for  a 
"bad”  triplet,  corresponding  to  the  same  data  x.  These 
elements  can  be  expressed,  after  inverting  the  matrix  in  Eq.(5), 
in  terms  of  the  Twiss  functions  and,  for  the  "bad"  P's,  must 
contain  the  unknown  kick.  Finally,  a  system  of  equations  is 
obtained  (that  we  omit  here  for  lack  of  space),  that  explicitly 
yields  the  kick,  position  and  strength,  in  terms  of  the  model 
(Twiss  functions)  and  the  measured  BPM  data. 

Another  approach,  convenient  with  fast  workstations,  is  to 
fit  the  analysis  of  the  measured  data  with  an  iterative  series  of 
MAD  runs,  containing  varied  kicks  and/or  simulated  monitor 
reading  errors.  The  results  presented  in  the  next  section  rather 
reflect  this  methodology. 


III.  RESULTS 

Fig.l  represents  the  analysis  of  difference  orbits  in  the 
AGS  Booster  measured  at  22  BPM’s  (two  are  physically 
missing),  with  an  horizontal  kick  of  about  2  mrad  given  to  the 
beam  in  a  position  between  BPM's  E4  and  E6,  actually  very 
close  to  E6.  We  have  plotted  the  resulting  momentum  offset 
and  the  position  and  angle  at  BPM  C2  as  a  function  of  the  data 
triplet  used,  referred  for  convenience  to  the  position  of  the 
central  BPM  of  the  triplet.  The  curves  show  a  sharp  bump  in 
the  E4-E6-E8  region. 

We  have  somewhat  reproduced  the  results  with  MAD 
(Fig.2),  applied  a  2  mrad  kick  in  the  same  location. 

Fig.3  and  4  represent  the  analysis  of  orbit  data  with  a 
forced  momentum  offset  of  ±  1.5  10-3. 

Finally,  we  mention  that  a  similar  analysis  performed  on 
the  bare  orbit  during  the  1992  operating  year  of  the  machine 
showed  possible  errors  in  the  F6-region.  A  subsequent  survey 
confirmed  magnet  misalignment  there  and  ring  inspection 
found  an  erroneous  electrical  connection  in  the  coils  wrapped 
around  the  vacuum  chamber  that  are  used  to  correct  for  eddy 
current  multipoles. 
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Fig.l.  Analysis  of  difference  orbits  in  the  AGS  Booster  with  a  kick  of  2  mrad  applied  at  location  E6.  Data  calculated  at  C2  from 
successive  BPM  triplet  data.  The  solid  curve  represents  x  [mm],  the  dashed  curve  x  [mrad]  and  the  dolled  curve  dp/p  [10-3]. 
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Fig.2.  MAD  simulation  of  the  effect  on  the  orbit  by  a  2  mrad  kick  localized  at  E6.  Same  conventions  as  in  Fig.l. 
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Fig.3.  Analysis  of  difference  orbits  when  the  beam  momentum  was  offset  by  -1.5  10'3. 
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Fig.4.  Analysis  of  difference  orbits  when  the  beam  momentum  was  offset  by  +1.5  !0'3. 
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Abstract 

The  MIT-Bates  Accelerator  Center  consists  of  a  one  GeV 
electron  linac  with  a  beam  recirculation  system,  and  a  stor¬ 
age  ring  which  was  initially  commissioned  in  early  1993. 
For  proper  operation  of  this  facility,  on-line  beam  mea¬ 
surements  and  analysis  are  important.  To  this  end  we  have 
developed  codes  for  simulating  and  measuring  beam  optics 
and  the  transverse  beam  phase  space.  One  of  the  beam  op¬ 
tics  simulators  is  an  extension  of  the  D1MAD  based  sim¬ 
ulator  which  originated  at  CEBAF.  It  has  been  modified 
to  include  the  capability  of  directly  reading  the  machine 
magnetics  values  and  thereby  predict  the  beam  envelope, 
as  well  as  automatically  set  up  the  desired  theoretical  beam 
phase  space.  Two  types  of  on-line  transverse  phase  space 
measuring  codes  are  in  operation.  It  is  envisioned  that 
these  phase  space  measurement  systems  will  eventually  be 
linked  with  the  optics  simulator  to  allow  semi-automatic 
beam  tuning  procedures.  Another  code  for  automatically 
measuring  optical  matrix  elements  has  been  in  use  for  sev¬ 
eral  years.  A  description  of  the  codes,  their  bases  and  their 
operation  are  presented  here. 

I.  Introduction 

The  MIT  Bates  Accelerator  Center  has  recently  begun 
commissioning  the  South  Hall  Ring  (SHR)[lj.  This  1  GeV 
190m  circumference  ring  is  filled  from  the  1  %  duty  factor 
electron  linac.  It  is  designed  to  provide  high  duty  factor 
beams  to  targets  internal  to  the  ring  and  also  to  external 
targets,  for  nuclear  physics  experiments.  Proper  operation 
of  the  beam  lines  and  the  ring,  including  maintaining  the 
high  quality  of  the  beam,  requires  achieving  the  proper 
optical  matrix  elements  and  matching  the  phase  space  of 
the  beam  to  the  beam  line  or  ring  design  phase  space. 

In  order  to  accomplish  this  matching,  we  use  computer 
programs  to  automatically  measure  the  transfer  matrix  el¬ 
ements  and  the  transverse  phase  space  of  the  beam  at  var¬ 
ious  points  along  the  beam  line.  An  optics  simulation  pro¬ 
gram  is  then  used  to  set  the  beam  line  magnetic  elements 
to  achieve  the  proper  phase  space  match.  These  programs 
are,  to  varying  degrees,  extensions  and  modifications  of 
programs  used  in  the  design  of  the  ring  and  beam  lines. 
Each  of  them  operates  interactively,  and  is  interfaced  with 
the  control  system  and  instrumentation,  to  provide  real¬ 
time  tuning  capability. 

II.  Ring  Controls  and  Instrumentation 

The  Ring  Control  System  (RCS)  comprises  a  number 
of  distributed  Local  Area  Computers  (LACs)  and  work¬ 
stations  interconnected  by  Ethernet(2].  The  LACs  control 

*\Ynrk  *ti|>|inrl>'<l  l»v  iIh-  t'.S.  I )rp*»r 1  iik-iiI  >>f  I  .imtrv 


and  monitor  all  beam  line  devices,  as  well  as  collect  data 
from  instrumentation  such  as  beam  position  monitors  and 
wire  scanners.  Available  data  is  sent  out  on  the  network 
at  a  rate  of  4  Hr.  The  workstations  are  used  for  displaying 
this  data,  for  operator  interface,  and  to  run  application 
software  such  as  that  described  here.  Thus,  the  applica¬ 
tion*  have  access  to  all  information  on  the  present  state  of 
the  beam  and  magnetic  elements.  In  addition,  the  appli¬ 
cations  can  control  the  magnetics  and  instrumentation. 

III.  Phase  Space  Programs 

We  use  two  independent  techniques  for  measuring  the 
transverse  phase  space  of  the  beam.  The  first  uses  the 
beam  sire  measured  at  three  locations  along  the  beam  line. 
It  has  the  advantage  of  not  perturbing  the  beam  transport, 
but  its  precision  suffers  when  measuring  small  emittance 
beams  in  certain  optics  configurations.  The  second  tech¬ 
nique  involves  measuring  the  beam  sise  at  a  fixed  location 
as  a  function  of  the  strength  of  an  upstream  quadrnpole. 
Although  this  perturbs  beam  transport,  and  tends  to  be 
slower  than  the  three  profile  method,  it  is  able  to  make 
good  measurements  over  a  wider  range  of  phase  space.  In 
addition,  this  method  can  be  used  in  situations  where  it 
is  not  possible  to  measure  the  beam  sise  at  three  different 
locations. 

A.  Three  profile  method 

By  measuring  the  horisontal  and  vertical  beam  sizes  at 
three  different  locations  along  a  beam  line,  the  transverse 
phase  space  in  both  planes  can  be  determined.  We  are 
using  an  extension  of  an  earlier  technique[3]  which  allows 
for  general  beam  transport  between  the  three  locations. 
Beam  sizes  are  measured  using  wire  scanners  driven  bv 
stepper  motors.  The  horisontal  beam  sise  at  location  i  is 
Zi  -  y/fiit  where 

0,  =  Rf i (*)#>-  2R|i(i)R|3(»)o«  +  R?j(*h''  (0 

is  the  0  function  at  location  *,  and  R;,„(t)  is  the  Im  com¬ 
ponent  of  the  transfer  mntrix  R  from  location  0  to  location 
i.  The  beam  emittance  is  e.  The  variables  0,,,  <*„  and 
are  the  Twiss  parameters  at  location  0.  At  locations  1,  2 
and  3,  then, 

S)  =”(::)■ 

where 

/  R|i(0  -2R„(1)RI2(1)  R?2(i)\ 

M=  R?,(2)  — 2R|  ,(2)R,j(2)  R?,(2)  (3) 

\  R? i(3)  -2Rn(3)R,2(3)  R?2(3)/ 

Using  (0,  —  zj  and  inverting  the  matrix  M,  Eq.  2  can 
be  solved  to  give  t0,^,  can  and  ey,,.  Thus  0,  a  and  y  at 
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location  0  can  he  determined  by  measuring  the  beam  size 
*  and  three  different  locations,  knowing  the  transfer  ma¬ 
trices  from  the  three  locations  to  location  0,  and  using 
e  =  i)(c7o)  -  (ru,.)-.  Standnrd  propagation  of  errors 

is  used  to  calculate  the  precision  of  the  measurement. 

The  core  of  the  program  used  to  make  these  measure¬ 
ments  is  based  on  a  design  program  used  to  determine  the 
optimal  locations  of  the  wire  scanners.  We  have  added  a 
graphical  user  interface  for  data  display  and  control  of  the 
wire  scanners.  Figure  1  shows  the  user  interface  for  this  ap¬ 
plication.  Displayed  are  the  raw  and  processed  data  from 
the  wire  scanners,  and  the  wire  scanner  control  parame¬ 
ters.  In  order  to  calculate  the  phase  space,  the  applica¬ 
tion  program  reads  the  settings  of  the  magnetic  elements 
along  the  beam  line  and  calculates  the  appropriate  trans¬ 
fer  matrices.  Combining  the  beam  widths  and  the  transfer 
matrices,  the  phase  space  can  be  calculated,  along  with 
the  precision  of  the  measurement.  The  resulting  horizon¬ 
tal  and  vertical  phase  space  ellipses  are  then  displayed.  A 
complete  set  of  beam  profiles  is  typically  acquired  in  10-30 
seconds.  Processing  of  the  data  takes  1-2  seconds. 


Fig.  1:  User  interface  for  measuring  the  transverse  phase 
space  using  three  beam  profiles. 

This  application,  written  in  C  nnd  using  Motif,  gives  a 
Ten!  time  measurement  of  the  beam  transverse  phase  space. 
The  wire  scanners  scan  on  a  continuous  basis,  sending  out 
data  at  the  end  of  each  scan.  Auv  change  in  the  setting 
of  a  beam  line  element  is  recognized  bv  the  program  nnd 
taken  into  account.  Thus,  the  most  current  data  available 
is  displayed.  There  is  an  option  for  saving  all  raw  data 
on  disk,  for  later  replay.  In  addition,  the  measured  phase 
space  can  be  projected  to  any  point  along  the  beam  line. 
B.  Varying  quadrupole  method 

By  varying  a  quadrupole  in  the  beam  line  and  observ¬ 
ing  the  beam  size  at  a  point  downstream,  the  transverse 
phase  space  may  be  determined  for  a  point  upstream  of 
the  quadrupole{4).  This  method  is  normally  used  for  one 


plane  at  a  time.  The  beam  size  is  measured  with  a  wire 
scanner,  as  in  the  three  profile  method. 

The  square  of  the  beam  size  at  the  wire  scanner  (frn  in 
x  and  <T;et  in  y)  is  determined  by  the  beam  sigma  mnlrix 
<t"  at  a  point  upstream  by 

<T|,  -  Rf , cr*/,  +  2 R  1 1 R  ,  _> <r Vv  +  R ;\cr (1) 

for  x,  nnd  similarly  for  y.  The  R,,  are  the  elements  of  the 
beam  trnnsfer  matrix  between  the  upstream  location  and 
the  wire  scanner. 

A  weighted  least-squares  fit  of  the  square  of  the  beam 
size  as  a  function  of  quadrupole  settings  is  made,  yielding 
the  complete  beam  sigma  matrix.  From  this  the  beam 
einittance  e  and  the  Twiss  parameters  0  and  a  are  given 
by  r  —  \Jer  1 1  ay,  —  a 0  =  ffn/r,  and  a  =  in  the 

x  plane.  Similnr  expressions  hold  in  the  y  plane. 

This  application  is  writ  ten  in  C,  using  Motif  for  the  user 
interface,  which  is  shown  in  Fig.  2.  The  wire  scanner  con¬ 
trols  and  the  profile  display  are  identical  to  those  used 
in  the  three  profile  application.  The  trnnsfer  matrix  is 
calculated  fot  each  setting  of  the  quadrupole,  reading  the 
settings  of  the  beam  line  elements  from  the  network.  The 
measured  data  points  and  the  function  fitted  to  them  are 
plotted,  and  the  phase  space  ellipse  is  displayed,  as  pro¬ 
jected  to  any  point  in  the  beam  line.  Acquisition  of  each 
beam  profile  to  determine  the  beam  width  typically  takes  a 
few  tens  of  seconds.  One  complete  scan  of  the  quadrupole, 
to  make  one  phase  space  measurement,  may  take  5-10  min¬ 
utes.  Data  analysis  requires  only  a  few  seconds. 


2:  User  interface  for  measuring  the  transverse  phase 
space  bv  measuring  the  beam  size  as  a  function 
of  the  strength  of  an  upstream  quadrupole. 

IV.  Optics  Simulator 

This  application  is  based  on  the  beam  line  simulation 
code  DIMAD[5]  and  a  graphical  interactive  interface  to 
it  developed  at  CEBAF[6).  This  interface,  based  on  the 
X  Window  System,  is  itself  an  extension  of  the  original 
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DfMAD  text-based  interactive  interface  allowing  graphical 
display  of  the  computed  results,  and  the  manipulation  of 
beam  line  element  settings  using  graphical  display  objects. 

The  program  has  been  further  modified  for  use  as  an 
on-line  diagnostic  and  machine  tuning  tool.  An  interface 
to  the  RCS  allows  the  settings  of  beam  line  elements  to  be 
incorporated  into  the  simulation  in  real  time.  Selected  ele¬ 
ments  may  also  be  set  bv  the  application  from  calculations 
based  on  data  supplied  by  the  user.  A  graphical  display 
of  the  beam  beta  functions  for  the  modeled  beam  line  is 
provided. 

There  are  two  basic  modes  of  operation.  In  the  first,  the 
parameters  of  the  beam  phase  space  at  the  beginning  of 
the  beam  line  are  specified  by  the  user,  along  with  a  set  of 
desired  beam  parameters  at  some  other  point  in  the  beam 
line,  usually  the  end.  A  selected  group  of  elements  are  then 
used  as  parameters  in  a  least  squares  fitting  procedure, 
with  the  desired  beam  parameters  as  the  fitting  conditions. 
The  calculated  settings  for  the  beam  line  elements  can  then 
be  applied  directly  from  the  program  on  command  from 
the  nser.  This  allows  a  complex  beam  line  to  be  tuned  in 
a  simple  and  deterministic  fashion. 

In  the  second  mode  of  operation,  the  actual  settings  of 
all  the  beam  line  elements  are  continuously  read  from  the 
RCS,  and  the  simulation  is  performed  based  on  them.  This 
allows  a  real-time  display  of  the  beam  line  tune,  as  ele¬ 
ments  are  adjusted  by  the  operator.  The  display  update 
rate  is  limited  by  the  computation  of  the  beam  line  transfer 
matrices  and  thus  by  the  number  of  elements  in  the  beam 
line.  For  beam  lines  with  20-30  elements,  updates  can  be 
provided  about  once  a  second  on  a  mid-range  workstation. 

The  graphical  interface,  shown  in  Fig.  3,  is  written  in 
C,  using  DECwindows  for  the  user  interface.  The  CEBAF 
code  has  been  modified  and  extended  to  incorporate  new 
functions,  and  some  features  have  been  deleted.  DIMAD  is 
written  in  FORTRAN,  and  modifications  were  made  to  it 
at  CEBAF  to  allow  access  to  data  and  functions  from  the 
C  interface  code.  We  have  made  further  modifications  and 
additions,  particularly  to  the  least  squares  fitting  routines. 

V.  Transfer  Matrix  Element  Measurements 

The  operation  of  some  beam  lines  depends  on  the  proper 
set-up  of  the  optical  matrix  elements.  To  verify  that  this 
has  been  achieved,  we  have  developed  an  automatic  OP¬ 
TICS  measurement  system.  This  application  uses  steering 
dipoles  to  independently  vary  the  position  and  angle  in 
x  and  y  of  the  beam  entering  the  beam  line.  The  beam 
positions  at  downstream  BPMs  are  then  measured,  and 
the  resulting  optical  matrix  elements  are  calculated  and 
displayed. 

The  graphical  interface,  shown  in  Fig.  4,  is  written  in 
C,  using  X10.  There  is  provision  to  interact  with  the  pro¬ 
gram  as  the  data  is  taken,  or  to  allow  the  program  to 
operate  automatically.  The  results  are  used  to  modify  the 
quadrupole  and  dipole  trim  settings  in  the  beam  line  to 
obtain  the  desired  optics. 


Fig.  3>  User  interface  for  the  DIMAD  optics  program. 


Fig.  4:  Sample  result  from  the  OPTICS  program.  The 
solid  lines  indicate  the  desired  optics,  the  points 
are  the  measured  optics. 
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Abstract 

A  graphical  user  interface  control  system  of  1.3  GeV 
synchrotron  radiation  light  source  was  designed  and 
implemented  for  the  beam  transport  line  (BTL)  and  storage 
ring  (SR).  A  modem  control  technique  has  been  used  to 
implement  and  control  the  third  generation  synchrotron  light 
source.  Two  level  computer  hardware  configuration,  that 
includes  process  and  console  computers  as  a  top  level  and 
VME  based  intelligent  local  controller  as  a  bottom  level,  was 
setup  and  tested.  Both  level  computers  are  linked  by  high 
speed  Ethernet  data  communication  network.  A  database 
includes  static  and  dynamic  databases  as  well  as  access 
routines  were  developed.  In  order  to  commission  and  operate 
the  machine  friendly,  the  graphical  man  machine  interface 
was  designed  and  coded.  The  graphical  user  interface  (GUI) 
software  was  installed  on  VAX  workstations  for  the  BTL  and 
SR  at  the  Synchrotron  Radiation  Research  Center  (SRRC). 
The  over  all  performance  has  been  evaluated  at  10Hz  update 
rate.  The  results  showed  that  the  graphical  operator  interface 
control  system  is  versatile  system  and  can  be  implemented 
into  the  control  system  of  the  accelerator.  It  will  provide  the 
tool  to  control  and  monitor  the  equipments  of  the  radiation 
light  source  especially  for  machine  commissioning  and 
operation. 

I.  INTRODUCTION 

A  third  generation  synchrotron  radiation  light  source  has 
been  constructed  and  commissioned  at  current  stage  in 
SRRC.  It  includes  a  turn-key  electron  injector  (SOMeV  Linac 
and  1.3  GeV  booster  synchrotron),  a  BTL  and  a  SR  with 
triple  bending  archromat  lattice  [1].  Two  level 
hierarchical  computer  hardware  systems  were  linked  by 


Ethernet  and  four  layers  software  structures  were  configured 
to  simplify  the  architecture  of  the  control  system.  High 
performance  workstations  have  been  used  as  operator 
consoles  and  VME  crate  based  intelligent  local  controllers 
(ILC)  have  been  used  to  interface  field  level  equipments.  In 
order  to  access  and  control  devices  and  equipments  on  the 
BTL  and  SR  easily,  a  graphical  operator  interface  technique 
was  implemented  on  the  control  system  of  the  synchrotron 
radiation  facility  at  SRRC.  This  simple,  flexible  and 
expandable  control  system  was  used  to  commission  the  BTL 
and  the  SR  of  SRRC.  Large  than  10  mA  stored  beam  and 
several  tenth  minutes  lifetime  was  achieved  quickly  within 
short  commissioning  period. 

II.  HARDWARE  SYSTEM  CONFIGURATION 

Two  level  hierarchical  hardware  architecture  were  adopted 
for  the  control  system  at  SRRC  [2].  The  open  system 
configuration  ensure  the  expandability  of  the  control  system. 
The  hardware  system  configuration  of  the  control  system  at 
SRRC  is  shown  in  the  Figure  1.  Top  level  computers 
include  a  process  computer  which  is  VAX  Systems  4000-500 
supermini  computer,  several  workstations  (VAXstation 
3100-76  and  VAXstation  4000-60)  running  under  VMS  and 
one  DECstation  5000-200  run  under  Ultrix  acts  as  a  file 
server  for  intelligent  local  controllers  (ILC).  Multiple  ILCs 
at  bottom  'evel  are  use  to  interface  with  the  field  devices. 
Both  level  computers  are  linked  by  Ethernet  network.  The 
control  local  area  network  is  also  connected  to  the  control 
system  of  1.3  GeV  full  energy  electron  injector  and 
laboratories  wide  network  through  multi-port  router.  All 
ILCs  are  used  to  monitor  or  control  the  equipment  on  the 
BTL  and  SR. 
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The  ILC  is  VME  crate  based  system  which  includes 
Motorola  MVME-147  CPU  board  and  variety  of  interface 
cards.  The  MVME-147  CPU  board  consists  of  68030 
microprocessor,  68882  floating  point  coprocessor,  4M  byte 
on  board  memory  and  Ethernet  interface.  The  ILCs  are 
connected  to  the  hardware  devices  or  equipments  via  parallel 
or  serial  input/output  (I/O)  as  well  as  IEEE-488  bus 
interface.  Data  acquisition,  open  or  closed  loop  control 
functions  of  the  equipment  are  handled  by  ILCs.  A  device, 
such  as  magnet,  pulse  magnet,  vacuum  gauge/ion  pump 
current  or  valve,  RF  controller,  diagnostic  instrumentation, 
can  be  accessed  from  operator  console.  The  update  rate  of  the 
dynamic  data  from  ILCs  to  console  computer  is  about  10Hz. 

III.  SOFTWARE  SYSTEM 

Software  system  has  been  developed  by  SRRC  staffs 
using  C  language  under  VMS  environment.  The  software  is 
structured  into  four  layers  and  is  shown  in  Figure  2,  there  are 
device  access,  network  access,  database  access,  and 
applications.  Real  time  database  of  the  control  system  for  the 
BTL  and  SR  facilities  at  SRRC  has  been  implemented  and 
tested  successfully.  Modularized  software  designed  approach 
ensured  flexibility,  expandability  and  maintainability  of  the 
system. 

The  device  access  processes  are  run  on  ILCs.  The 
PSOS+  teal  time  multitasking  kernel  provides  the  ILCs  with 
task  scheduling,  memory  allocation,  event  handling  and 
message  queueing.  The  PNA+  network  package  provides 
socket  interface  in  TCP/IP  protocols.  Those  software  package 
are  purchased  from  commercial  available  products.  The 
control  tasks  and  various  I/O  drivers  as  well  as  application 
programs  were  implemented  at  SRRC  and  are  successful 
running  on  ILCs.  In  order  to  develop  all  the  necessary 
software  on  ILC,  VAX  machine  is  used  as  a  host  and 
connected  to  the  target  ILC  via  Ethernet.  Microtec  cross  C 
compiler,  cross  assembler,  and  S-record  linker  which  are 
installed  on  the  VAX  machines  are  developing  tools.  The 
XRAY+  running  on  VAX  is  used  to  aid  the  software 
debugging.  The  developed  software  are  downloaded  in  S- 
record  format  file  to  the  desired  target  ILC  to  start  the 
running  activity  on  it.  All  ILC  software  package  has  been 
developed  by  two  man-years  and  the  result  is  quite 
successfully. 

The  network  access  software  is  in  charge  of  the  data 
exchange  between  console  level  computer  and  ILCs.  The 
TCP/IP  protocol  is  used  to  provide  an  open  environment. 

The  console  level  computers  are  running  under 
VAX/VMS  environment.  The  function  of  the  process 
computer  and  workstation  is  slightly  different  The  process 
computer  keeps  the  system-wide  static  database  and  maintains 
it.  At  the  system  start-up,  each  workstation  requests  and 
receive  a  copy  of  the  static  database  form  the  process 
computer  to  achieve  consistency.  Each  console  computer 
then  has  all  database  information  necessary  to  process 
dynamic 


Figure  2.  Block  diagram  of  the  software  system 

database  frames  received  from  ILCs.  The  upload  command  is 
broadcasted  by  an  ILC  which  connects  to  10Hz  injection 
trigger  signal  then  each  ILC  broadcast  its  dynamic  database 
after  receiving  the  command.  The  workstations  are  mainly  for 
operator  interface  to  operate  the  machine.  All  of  the  console 
level  computers  can  be  expanded  easily  without  increasing  the 
network  traffic  load. 

The  central  database  which  includes  the  static  and 
dynamic  database  are  created  on  the  console  level  computers. 
It  is  used  as  data  buffer  between  the  low  level  tasks  at  ILCs 
and  console  level  applications.  The  application  programs  get 
equipment  parameters  or  machine  parameters  directly  from 
database  rather  than  from  ILCs.  Many  applications  are  coded 
and  run  at  console  computer,  such  as  data  logging/archiving, 
alarm  checking,  real-time  multiple  trend  and  correlation  plot 
display  as  well  as  machine  modeling  programs. 

The  novel  man  machine  interface  technique  is  used  to 
develop  a  graphical  operator  interface  control  system.  The 
graphic  user  interface  software  was  developed  based  on  X- 
window/Motif.  The  graphic  editor  program  was  developed  and 
used  to  edit  the  display  pattern  of  the  machine  component  and 
built  up  the  relationship  between  the  component  and  the 
static  database.  Those  pattern  file  is  stored  in  the  bard  disk  by 
using  ASCII  file  format.  The  console  program  reads  those 
ASCII  file  and  make  a  connection  between  the  component 
pattern  and  dynamic  database.  This  program  is  also  capable  of 
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the  data  reading,  setting  and  display  of  linked  devices. 
Operator  interface  pages  on  workstation  can  be  a  simple 
spread  sheet,  a  control  panel  of  a  subsystem  shown  as  Figure 
3  or  object  oriented  form  as  show  in  Figure  4.  The  sub¬ 
system  or  components  on  BTL  and  SR  can  be  accessed  from 
workstation  by  mouse  and  keyboard.  Multiple  software 
knobs,  multiple  file  trend  display  and  correlation  plot 
functions  are  also  available.  This  man  machine  interface 
makes  the  machine  commissioning  or  routine  operation  more 
easily  and  friendly. 
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Figure  3.  RF  system  control  panel  interface 
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Figure  4.  Trasnport  line  power  supply  control  interface 


helpful  for  commissioning  of  the  machine.  Most  of  the 
design  specifications  has  been  achieved.  The  turning  and 
modification  of  the  control  system  now  is  under  way  to 
improve  the  system  performance. 
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IV.  SUMMARY 


Graphical  oriented  man-machine  interface  has  been 
implemented  on  the  control  system  for  1.3  GeV  synchrotron 
radiation  light  source  at  SRRC  successfully.  It  demonstrated 
that  graphical  operator  interface  of  the  control  system  are 
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Abstract 

The  Machine  Protection  System  (MPS)  component  of  the 
SLC’s  beam  selection  system,  in  which  integrated  current  is 
continuously  monitored  and  limited  to  safe  levels  through  care¬ 
ful  selection  and  feedback  of  the  beam  repetition  rate,  is  de¬ 
scribed  elsewhere  in  these  proceedings. 

The  novel  decision  making  mechanism  by  which  that  system 
can  evaluate  “safe  levels”,  and  choose  an  appropriate  repeti¬ 
tion  rate  in  real-time,  is  described  here.  The  algorithm  that 
this  mechanism  uses  to  make  its  decision  is  written  in  text  files 
and  expressed  in  states  of  the  accelerator  and  its  devices,  one 
file  per  accelerator  region.  Before  being  used,  a  file  is  “com¬ 
piled”  to  a  binary  format  which  can  be  easily  processed  as  a 
forward-chaining  decision  tree.  It  is  processed  by  distributed 
microcomputers  local  to  the  accelerator  regions.  A  parent  al¬ 
gorithm  evaluates  all  results,  and  reports  directly  to  the  beam 
control  microprocessor. 

Operators  can  test  new  algorithms,  or  changes  they  make  to 
them,  with  an  online  graphical  MPS  simulator. 

Problem  Statement  and  Rationale 

The  Machine  Protection  System  (MPS)  monitors,  in  real-time, 
potential  autogenic  operational  hazards  of  the  Stanford  Lin¬ 
ear  Collider  (SLC).  These  include  the  ambient  radiation  of  the 
beam-pipe  and  its  devices,  vacuum,  water  and  other  critical 
parameters  throughout  the  accelerator. 

The  MPS’s  purpose  is  to  limit  the  integrated  current  of  the 
beam  to  any  part  of  the  accelerator  to  safe  levels,  while  contin¬ 
uing  to  deliver  beam  with  the  desired  parameters  to  the  rest  of 
the  machine;  that  is,  to  be  minimally  invasive.  The  extent  to 
which  the  current  is  lowered  should  be  just  enough  to  make  the 
SLC’s  operation  secure,  but  not  so  low  as  to  make  the  cause  of 
the  problem  untraceable.  If,  for  instance,  a  collimator  is  causing 
a  hazardous  radiation  shower  in  one  section  of  the  SLC,  MPS 
should  tell  the  software  system  that  selects  beam  configurations 
to  lower  the  current  in  that  sector.  MPS  must  return  the  beam 
to  its  desired  current  and  configuration  automatically,  as  soon 
as  it  detects  that  the  fault  has  been  ameliorated. 


processor  local  to  an  accelerator  region.  These  microprocessors 
compute  an  MPS  “algorithm”.  The  algorithm  processors  or 
“AP”s  are  arranged  in  a  two  tier  hierarchy,  there  being  one  Su¬ 
pervisor  AP  whose  inputs  are  the  outputs  from  the  other  APs 
and  whose  output  is  fed  directly  to  the  beam  control  computer, 
which  then  adjusts  the  next  beam’s  parameters.  This  process 
is  repeated  with  each  beam  pulse.  See  figure  1. 


Figure  1:  MPS  Data  Interconnection  Diagram 


Overall  Solution  Method 

Other  papers  in  these  proceedings  describe  the  MPS  system  in 
general  [1]  and  two  of  its  subsystems[2][3].  Here  we  summarise 
the  overall  solution  strategy,  so  as  to  put  the  MPS  Algorithm 
Compiler  and  Simulator  in  context. 

Devices  and  parameters  deemed  critical  to  the  operation  of 
the  SLC  are  connected  via  MIL-1553  to  a  VME  based  micro- 

*Work  supported  by  the  Department  of  Energy,  contract  DE- 
AC03-76SF00515 


Since  the  devices  which  form  the  input  to  an  algorithm,  and 
the  available  re-configurations  of  the  accelerator  which  form 
the  output,  are  different  for  each  sector  of  the  SLC,  a  different 
algorithm  must  be  developed  and  tested  for  each  algorithm  pro¬ 
cessor.  For  that  reason,  the  algorithm  “compiler*  and  “simula¬ 
tor”  software  were  developed.  They  are  two  distinct  programs, 
their  relationship  being  analogous  to  the  compilers  and  debug¬ 
gers  used  in  conventional  programming. 

The  following  describes  first  the  algorithm  compiler  (MPSL) 
and  then  the  simulator  (MAS). 
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Algorithm  Compiler 


Fint  a  computer  language  was  developed  in  which  the  follow¬ 
ing  could  be  formally  expressed:  •.  the  states  of  devices  ii. 
the  state  of  the  accelerator,  that  is,  where  there  is  currently 
intended  to  be  beam,  and  »'»».  possible  alternative  accelerator 
configurations,  principally  with  regard  to  repetition  rate.  A  de¬ 
vice  “state*  is  a  device  name  in  equality  or  inequality  with  one 
of  the  values  that  device  can  report.  A  well  formed  algorithm 
then  describes,  for  all  expected  states  of  the  accelerator  in  a 
region,  the  conditions  under  which  some  specified  alternative 
machine  configurations  should  be  adopted. 

AP  -  AMJ 

ALG  -  ■DHonat ration  for  PAC  *3" 


«•  Algorithm  contain*  «m  taowpath,  oonsiatinf  of  t«o  bgrp  naoaa. 
*/ 

BEAM  •  "ALCtLD*  |  aW 


PATE  •  '  FU  LLP  ATE" 
"L1MHI  W 
“LlMMl’rS* 
"LIMN I  ff" 


/•  full  rata  o*ary»h*ra  •/ 
/•  t-  baaa  la  arc/ ft  llaltad  to  10  Ms  •/ 
/•  S*  baaa  in  arc/ff  llaltad  to  10  Ns  •/ 
/•  beams  In  both  area  Halted  to  10  **•/ 


rropeur  -  mpst-ap* j.i.-nw  —  •umpbtctd"  a 
MPST.  AP92 . 2 .  "PBOT"  —  "UNPPTCTD* 

(•A  Stopper  •  OUT  or  MO" I MG") 

HEMPATE  •  "ItPOPATT"  /*  Absolute  alnlaua  needed  to  run  SIC.*/ 


UACV.  LI31.11 4.  "VAL*E"  ««-  "CLOSED"  A 
PICS.  LI  31. 103.  "CABLE"  —  "OK" 


MEUPATt  -  "LIMTT_HI " 

PJCS.Lnj.l02."TOPESH  D"  -*  "OP"  | 
PICS.LI31.il]  "TWESH'a-  -*  "OP"  A 
PICS . L13 1 . 1 12 . "THRESH  A"  —  "OK" 


ME** ATE  •  "FULLBATE" 
i  /*  default  •/ 


configuration  possibilities.  Once  loaded  with  an  algorithm,  an 
Algorithm  Processor,  within  one  beam-pulse  (8.333  msec),  de¬ 
termines  which  beampath  and  stopper  configuration  are  in  ef¬ 
fect  on  that  pulse,  and  starts  to  evaluate  the  expressions  spec¬ 
ifying  the  safety  of  each  available  repetition  rate.  It  does  this 
from  first  to  last,  until  it  finds  an  expression  which  is  false,  at 
which  point  it  concludes  that  the  associated  rate  is  the  high¬ 
est  it  can  recommend.  This  means  there  is  one  last  repetition 
rate  per  clause  which  is  always  true  (has  no  expression)  and 
specifies  the  highest  possible  repetition  rate  in  that  part  of  the 
accelerator. 

Algorithm  Compiler  Function 

The  primary  function  of  the  compiler  is  to  translate  each  ex¬ 
pression  into  a  bit-mask  on  the  MIL-1553  port  data  that  each 
device  sends  to  its  AP.  The  compiler  prepares  the  data  on  a  per 
port  basis.  It  provides  a  bit-mask  for  the  location  of  interest¬ 
ing  data,  and  a  second  mask  for  the  values  of  that  data  were 
the  associated  expression  to  be  true.  The  compiler  acquires 
the  information  about  bow  the  devices  are  wired  from  the  SLC 
database. 

The  output  binary  file  is  isomorphically  very  similar  to  the 
input  file.  In  addition  it  contains  some  information  to  help  the 
AP  configure  its  data  acquisition  process  optimally. 


Algorithm  Simulator 


rrOPCMF  •  KPST.AP92.1  ."P*0T"  —  "WK/HCTP"  ('IWPb  1M" ) 

MfMBATE  -  "IBOMATE" 
i  /*  default  V 

BATE  -  "LINIT_H!"  /•  beam  twybtw  limited  to  10  Ms.  •/ 

ETOPOir  -  MPST.AP$2.1."P«Crr  —  "UMPBTCTD" 

MEMBATE  -  "MBOBATE" 

VACT.LI31.114.*TALTE"  —  "CLOSED"  A 
PICS. LI 31. 102. "CABLE  •  —  *OB" 

i 

HECATE  •  •MMIT.LD" 

PICS. L131. 102. "TMBESM_D"  ••  "OK" 

f 

.  etc  etc. 

Figure  2:  Extract  from  an  MPS  algorithm  for  an  AP 


An  MPS  Algorithm’s  Structure 

In  the  SLC  timing  system,  a  “beamcode"  describes  a  beam  in 
terms  of  the  accelerator  devices  necessary  to  propagate  that 
beam,  and  the  times  in  relation  to  a  fiducial  that  those  devices 
must  fire.  “Beamcode  modifiers*  define  the  repetition  rate  of 
a  beamcode,  and  in  great  part,  where  in  the  accelerator  com¬ 
plex  beam  from  that  beamcode  can  go.  A  Regional  Beamcode 
“group"  is  a  set  of  beamcodes  for  running  the  accelerator  for  a 
particular  experiment.  Call  a  disjunction  of  these  groups  then, 
a  “beampath*. 

To  identify  exactly  where  beam  in  a  given  pulse  will  wind-up, 
one  needs  to  add  a  statement  of  the  states  of  the  beam  stoppers. 
Call  a  conjunction  of  stopper  states  a  “stopper  configuration”. 

Then,  for  some  disjunction  of  beampaths,  for  some  disjunc¬ 
tion  of  stopper  configurations  and  for  some  target  repetition 
rate,  a  single  Boolean  expression  in  the  states  of  local  devices 
is  sufficient  to  specify  whether  that  target  rate  can  be  adopted. 

An  algorithm  is  a  list  of  expressions  in  local  devices,  one  for 
each  repetition  rate  possible  in  each  of  the  beampath/stopper 


The  function  of  the  MPS  algorithm  simulator  (MAS)  is  to  ver¬ 
ify  that  recently  developed  MPS  algorithms  will  perform  as 
intended.  The  simulator  tests  the  software  integrity  of  the  al¬ 
gorithms  by  providing  the  capability  to  simulate  any  possible 
state  of  the  accelerator  and  its  associated  hardware  devices. 
To  accomplish  this,  the  software  attempts  to  simulate  virtual 
devices,  and  their  trip  conditions,  to  verify  that  the  algorithm 
performs  according  to  design.  Other  beam  and  accelerator  char¬ 
acteristics  are  also  simulated  as  inputs. 

The  great  number  of  variables  which  the  simulator  controls 
requires  an  extensive  configuration  procedure.  This  procedure 
includes  the  selection  of  APs,  algorithms,  states  for  various  de¬ 
vices,  beam  groups,  rate-limiting  kinds,  and  states  for  stop¬ 
per  devices  (ie.  stopper  configurations).  In  addition  to  this 
complexity,  the  software  is  event-driven  (via  individual  button 
pushes  and  item  selections  from  lists)  and  not  procedural,  and 
therefore  much  of  the  simulator  software  is  exposed  directly  to 
the  interface-level  software.  This  creates  software  vulnerability 
issues. 

To  prevent  improper  or  incomplete  selections  and  to  keep 
track  of  the  current  configuration  state  of  the  simulator,  the 
program  implements  a  state-machine  using  global  variables. 
Once  the  simulator  is  properly  configured,  the  user  can  execute 
a  simulation  and  view  the  results  and/or  dump  them  to  a  file. 
At  the  core  of  the  simulator  processing  is  the  same  algorithm 
loading  and  evaluation  software  used  in  the  algorithm  proces¬ 
sors  to  determine  device  trips  and  requested  machine  states. 
Configuration  information  is  converted  into  the  equivalent  of 
MIL-1553-level  raw  port  data  and  beam  data,  as  input  to  the 
AP’s  evaluation  software.  All  input  conditions  and  processing 
results  are  presented  in  the  simulator  output. 

The  simulator  is  designed  so  that  the  user  can  then  make  mi¬ 
nor  modifications  to  the  simulator  configuration  and  repeat  the 
simulation.  File  inputs  and  outputs  are  also  provided  for  most 
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Figure  3:  Algorithm  simulator  screen  showing  the  result  of  a  test  when  two  devices  were  tripped 


of  the  configuration  data  to  simplify  setup  for  re-simulations 
performed  at  a  later  time. 

Since  the  MPS  system  is  designed  with  devices  subordinate 
to  APs,  which  in  turn  are  subordinate  to  a  supervisor  AP,  there 
are  several  levels  of  operation  which  the  simulator  can  perform. 
At  the  most  basic  level,  devices  are  configured  as  inputs  to  a 
single  AP.  Additionally,  individual  APs  can  be  configured  as 
inputs  to  a  simulation  of  the  Supervisor  and  its  algorithm.  At 
the  most  complex  level,  devices  can  be  configured  as  inputs 
to  APs,  which  in  turn  are  used  as  inputs  to  the  Supervisor, 
hence  simulating  the  entire  MPS  system  from  devices  up  to  the 
Supervisor. 

The  simulator  has  a  MOTIF  user-interface  consisting  of  var¬ 
ious  buttons,  display  windows,  and  selectable  lists.  To  begin 
a  simulation,  the  user  must  first  select  a  mode  of  operation: 
the  simulation  of  a  single  AP  (which  may  or  may  or  may  not 
be  a  supervisor)  and  its  direct  inputs,  or  the  simulation  of  the 
entire  MPS  system  (a  supervisor  at  the  device-level).  Once  this 
selection  is  made,  the  user  chooses  an  MPS  algorithm  and  its  as¬ 
sociated  AP  from  available  choices  presented  in  respective  lists. 
From  this  selected  algorithm  file,  a  list  of  beam  parameters  and 
devices  relevant  to  the  AP  is  accessed  and  used  to  prepare  their 
respective  configuration  portions  of  the  simulator. 

With  an  AP  and  an  algorithm  selected,  the  user  can  con¬ 
figure  beam  characteristics  and  virtual  devices.  Beam  groups 
and  rate-limiting  kinds  are  activated  for  the  simulation  through 
selectable  lists  and  button  options.  For  devices,  the  user  is 
presented  with  a  list  of  devices  and  their  currently  configured 
states  (ie.  operand-equalities)  to  be  used  as  input  to  the  cur¬ 
rently  selected  algorithm.  To  minimize  the  configuration  effort, 
all  devices  are  initialized  to  healthy  states.  Upon  selection  of 
any  device,  the  user  is  presented  with  a  list  of  possible  states 


to  configure  the  device  to.  To  enhance  the  possible  use  of  the 
simulator  as  a  diagnostic  tool,  the  user  also  has  the  option  of 
configuring  the  list  of  devices  to  the  states  that  exist  on  the 
running  MPS  system. 

Once  the  simulator  is  configured,  the  user  presses  a  button 
to  execute  the  simulation  and  to  acquire  ontput.  As  illustrated 
in  Figure  3  (cool  screen  capture),  the  output  indudes  the  algo¬ 
rithm  processor  name,  the  algorithm  path  and  file  names,  the 
name  of  the  saved  file  of  operand-equality  configuration  data  (if 
applicable),  the  beam  group  and  rate-limiting  kind,  the  stopper 
configuration,  the  requested  rate  resulting  from  algorithm  pro¬ 
cessing,  and  individual  device  faults  along  with  their  trip  levels 
and  severities.  Since  a  single  simulation  can  be  configured  with 
multiple  beam  groups,  rate-limiting  kinds,  APs  and  algorithms, 
the  output  is  formatted  by  grouping  the  results  for  each  com¬ 
bination  of  these  inputs  as  if-they  were  individual  simulations. 

The  simulator  has  proved, to' be  a  useful  tool  in  debugging 
the  MPS  software.  Since  the  simulator  used  the  same  algorithm 
loading  and  evaluation , software  used  in  the  real  MPS  system 
and  was  dependent  upon  the  integrity  of  the  MPS  compiler,  it 
served  as  a  top-level  software  test  platform  from  which  to  find 
and  correct  software  errors  in  a  variety  of  MPS  software  areas. 
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Abstract 

The  new  Machine  Protection  System  (MPS)  now  be¬ 
ing  tested  at  the  SLAC  Linear  Collider  (SLC)  includes 
monitoring  and  controlling  facilities  integrated  into  the  ex¬ 
isting  VAX  control  system  (1).  The  actual  machine  protec¬ 
tion  is  performed  by  VME  micros  which  control  the  beam 
repetition  rate  on  a  pulse-by-pulse  basis  based  on  mea¬ 
surements  from  fault  detectors.  The  VAX  is  used  to  con¬ 
trol  and  configure  the  VME  micros,  configure  custom  CA- 
MAC  modules  providing  the  fault  detector  inputs,  moni¬ 
tor  and  report  faults  and  system  errors,  update  the  SLC 
database,  and  interface  with  the  user.  The  design  goals  of 
the  VAX  software  include  a  database-driven  system  to  al¬ 
low  configuration  changes  without  code  changes,  use  of  a 
standard  TCP/IP-based  message  service  for  communica¬ 
tion,  use  of  existing  SLCNET  micros  for  CAMAC  configu¬ 
ration,  security  and  verification  features  to  prevent  unau¬ 
thorized  access,  error  and  alarm  logging  and  display  up¬ 
dates  as  quickly  as  possible,  and  use  of  touch  panels  and 
X-windows  displays  for  the  user  interface. 

Introduction 

The  new  MPS  [1]  can  be  broken  into  three  separate 
hardware  subsystems  each  responsible  for  a  piece  of  the 
overall  machine  protection: 

Beam  control 

The  beam  control  subsystem  [2]  is  resident  in  VME 
micros  located  close  to  beam  monitoring  devices  within 
the  machine.  The  beam  control  micros  acquire  data  on 
a  pulse-by-pulse  basis  from  CAMAC  modules  using  MIL- 
1553  serial  protocol,  process  the  data  using  a  downloaded 
MPS  algorithm  file,  and  send  the  resultant  beam  repetition 
rate  to  a  SLC  micro  called  the  master  pattern  generator 
(MPG).  The  algorithm  file  used  for  data  processing  con¬ 
tains  logic  which  dictates  the  repetition  rate  to  be  adopted 
based  on  which  devices  are  currently  tripped.  Beam  con¬ 
trol  micros  are  also  known  as  algorithm  processors  (APs). 

The  APs  also  send  trip  information  and  error  messages 
up  to  the  VAX  and  respond  to  VAX  control  and  status 
requests.  Communication  with  the  VAX  is  achieved  using 
the  TCP/IP-based  area  message  service  (AMS)  [3] 

SLC  micros 

Functionality  has  been  added  to  the  existing  SLC  mi¬ 
cros  to  also  configure  MPS  CAMAC  modules  and  period¬ 
ically  verify  that  the  CAMAC  hardware  is  consistent  with 
the  requested  settings  in  the  database.  The  MPG,  a  spe¬ 
cial  SLC  micro,  has  been  enhanced  to  provide  the  current 
repitition  rate  to  the  beam  control  micros  and  acquire  and 
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process  the  resultant  rate  requested  by  these  micros.  The 
communication  link  with  the  VAX  and  the  SLC  micros  is 
SLCNET,  a  high-speed  polled  network  developed  at  SLAC. 

VAX  monitor  and  control 

The  existing  VAX  control  system  has  been  enhanced 
to  provide  MPS  monitoring  and  cor.crol.  New  and  existing 
programs  have  been  developed  or  enhanced  for  MPS  and 
include  the  SLC  control  program,  MPS  controller,  MPS 
event  manager,  MPS  status  display  handler,  and  the  error 
manager.  Data  flow  between  VAX  processes  and  the  in¬ 
terface  between  these  processes  and  the  beam  control  and 
SLC  micro  subsystems  are  shown  in  Fig.  1. 

SLC  Control  Program 

The  SLC  Control  Program  (SCP)  provides  a  user  in¬ 
terface  for  many  SLC  control  functions  and  has  been  up¬ 
graded  to  handle  MPS  requests.  There  is  one  SCP  process 
for  each  user,  and  each  process  gets  input  from  a  keyboard 
and  touch  panel  and  provides  output  to  a  high  resolution 
color-graphic  display  and  standard  terminal.  If  the  SCP 
is  run  on  a  VAX  workstation,  all  input/output  uses  an  X- 
windows  interface. 

When  the  SCP  receives  a  MPS  user  request,  it  pre¬ 
pares  and  sends  a  message  to  the  MPS  controller  process 
using  a  VMS  mailbox  and  waits  for  a  return  message  indi¬ 
cating  whether  the  request  was  implemented  successfully 
or  not.  User  requests  include: 

1.  Change  MPS  State — MPS  may  be  turned  on  or  off. 

2.  IPL  AP — one  or  all  AP’s  may  be  booted. 

3.  Download  Algorithm — after  an  algorithm  is  changed 
and  recompiled,  the  user  may  request  that  it  be 
downloaded  to  the  AP. 

4.  Bypass/Unbypass  Device — when  a  beam  monitor¬ 
ing  device  is  determined  to  be  unreliable,  the  user 
may  override  the  current  device  state  with  a  by¬ 
pass  value  and  unbypass  the  device  after  it  has  been 
fixed. 

5.  Configure  CAMAC  Module — settings  in  the  CA¬ 
MAC  module  including  threshhold  and  filter  values 
may  be  changed  in  the  database  and  the  module 
configured  with  the  new  values. 

6.  Save  and  Load  MPS  Configuration  Files — a  snap¬ 
shot  of  the  current  MPS  database  information  may 
be  saved  or  restored. 

Each  MPS  user  request  is  associated  with  a  privilege 
level  where  lower  privilege  levels  correspond  to  relatively 
harmless  actions  like  verification  and  higher  privilege  lev¬ 
els  correspond  to  more  disruptive  actions  like  downloading 
new  algorithms.  Each  privilege  level  is  mapped  to  a  VMS 
account  name,  and  when  the  user  makes  a  request,  the 
appropriate  account  name  and  password  must  be  entered 
before  mail  is  sent  to  the  MPS  controller. 
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The  SCP  also  provides  a  variety  of  MPS  status  and 
information  displays  for  access  by  any  user.  These  displays 
include: 

1.  System  Network  Display — the  overall  MPS  state 
and  status  is  shown  along  with  the  status  of  each 
AP  and  each  MPS  VAX  process.  This  display  up¬ 
dates  periodically. 

2.  Bypass  Display — a  subset  or  all  currently  bypassed 
devices  are  retrieved  from  the  database  and  shown 
along  with  the  bypassed  state,  expiration  time,  and 
other  relevant  information. 

3.  Device  Display — the  current  device  state  and  as¬ 
sociated  CAMAC  module  information  from  the 
database  are  shown  for  a  specified  subset  of  devices. 

4.  Fault  Display — devices  which  are  currently  tripped 
and  rate-limiting  the  beam  are  shown,  along  with 
the  current  MPS  state  and  requested  rate.  This  dis¬ 
play  updates  as  quickly  as  possible  whenever  any 
condition  changes.  In  order  to  make  the  display 
as  real-time  as  possible,  the  SCP  gets  its  fault  and 
state  information  from  the  MPS  manager  global  sec¬ 
tion  which  is  itself  updated  by  the  MPS  controller 
and  event  manager  processes. 


Online  help  provides  the  user  with  a  description  of 
the  action  taken  when  any  button  is  selected  on  any  MPS 
panel.  An  online  glossary  is  available  to  help  familiarize 
the  user  with  important  MPS  terms.  The  SCP  outputs 
messages  to  help  guide  the  user  through  prompts  and  warn 
of  potentially  disruptive  consequences.  Detailed  error  mes¬ 
sages  are  also  output  when  an  unexpected  condition  is  de¬ 
tected.  Standard  functions  are  used  for  database  displays, 
paging  and  printout  of  output  displays,  and  the  configura¬ 
tion  file  interface. 

MPS  Status  Display  Handler 

The  MPS  status  display  handler  uses  data  from  the 
MPS  manager  global  section  to  update  the  MPS  status 
display  on  an  overhead  terminal  in  the  control  room.  The 
MPS  status  display  is  similar  to  the  SCP  fault  display  de¬ 
scribed  earlier  in  that  it  shows  all  currently  faulted  devices 
and  the  current  beam  repetition  rate  along  with  up-to-date 
status  information. 

This  display  provides  a  quick  summary  to  the  user  so 
that  prompt  action  can  be  taken  to  either  correct  any  sit¬ 
uation  causing  a  device  fault  (i.e.,  by  correcting  the  beam 
orbit)  or  bypass  the  unreliable  faulted  devices.  Also,  this 
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display  shows  verification  errors  detected  in  any  MPS  sub¬ 
system  in  enough  detail  to  allow  easy  diagnosis  and  cor¬ 
rection. 

MPS  Controller 

The  MPS  controller  process  is  the  overall  coordinar 
tor  of  all  MPS  subsystems.  It  services  all  MPS  requests 
from  other  VAX  processes  including  user  requests  from  the 
SCP  and  halt  requests  from  the  error  manager,  and  deals 
with  CAMAC  configuration  errors  sent  by  the  SLC  micros 
through  PARANOIA,  a  process  that  receives  asynchronous 
SLCNET  messages.  It  periodically  checks  the  health  of  the 
MPS  by  verifying  that  the  networks  and  micros  are  still  ac¬ 
tive,  sending  verification  requests  to  the  micros  and  check¬ 
ing  their  responses  for  validity  and  consistency,  and  check¬ 
ing  the  status  of  other  MPS  VAX  processes.  If  any  error  is 
found,  MPS  is  halted  either  immediately  or  after  an  appro¬ 
priate  number  of  warning  messages  are  output  depending 
on  the  severity  of  the  error.  All  verification  errors  are  up¬ 
dated  in  the  MPS  manager  global  section  and  reported  to 
the  standard  error  handler  for  logging  and  broadcasting  to 
all  SCPs, 

The  controller  is  also  the  keeper  of  the  database  and 
updates  information  pertaining  to  overall  MPS  state  and 
status,  the  status  and  configuration  data  for  each  AP,  in¬ 
formation  about  each  bypassed  item,  and  the  configuration 
data  for  each  CAMAC  module.  On  user  request,  current 
MPS  configuration  data  from  the  database  is  saved  to  a 
file  or  loaded  back  into  the  database.  When  a  user  request 
causes  the  CAMAC  configuration  data  to  change  in  the 
database,  SLCNET  messages  are  sent  to  the  affected  SLC 
micros  to  update  the  CAMAC  hardware.  The  controller 
periodically  checks  that  the  current  data  in  the  database 
matches  the  values  in  the  "ideal”  or  golden  configuration 
file. 

When  the  user  requests  a  change  in  MPS  state,  the 
controller  sends  AMS  messages  to  the  APs  and  SLCNET 
messages  to  the  MPG  in  the  sequence  required  to  pro¬ 
duce  a  smooth  transition  to  the  on  or  off  state.  When  a 
new  algorithm  needs  to  be  downloaded  to  an  AP,  the  con¬ 
troller  checks  the  algorithm  for  validity,  copies  it  from  the 
library  to  the  production  directory,  updates  the  database, 
and  sends  a  message  to  the  AP  to  read  in  the  new  file. 
When  the  user  requests  an  AP  IPL,  the  controller  halts 
MPS,  resets  the  AP  hardware,  spawns  a  subprocess  to  load 
the  AP  with  an  image  residing  on  the  VAX,  updates  the 
database,  sends  a  message  to  the  AP  with  algorithm  and 
bypass  information,  and  turns  MPS  back  on. 

When  a  device  is  bypassed,  the  controller  updates  the 
database  with  the  device  identification,  bypassed  state, 
and  time  at  which  the  bypass  expires.  When  the  device  is 
unbypassed,  the  entry  in  the  database  is  erased.  For  both 
actions,  the  controller  sends  a  message  to  the  affected  AP 
containing  the  location  and  value  of  the  bypassed  bits  in 
the  raw  data  acquired  from  the  CAMAC  modules.  When 
a  bypass  expires,  the  controller  automatically  unbypasses 
the  associated  device. 


MPS  Event  Manager 

The  MPS  event  manager  receives  and  processes  event 
buffers  from  the  event  task  on  an  AP  and  updates  the  MPS 
manager  global  section  with  current  faults,  repetition  rate, 
and  status  of  the  AP.  There  is  one  event  manager  process 
for  each  AP  in  the  system,  and  each  event  manager  writes 
to  its  own  slice  of  the  global  section.  The  AP  sends  an 
event  buffer  both  periodically  (i.e.,  every  5  s)  and  when¬ 
ever  it  either  finds  a  trip  or  has  an  error  that  results  in 
a  rate  change.  Each  event  in  the  event  buffer  contains 
the  raw  data  read  from  the  CAMAC  modules,  indication 
of  which  CAMAC  modules  could  not  be  read,  the  current 
rate  broadcast  to  the  AP,  the  new  rate  requested  by  the 
AP,  and  the  AP  status.  Events  are  buffered  by  the  AP  to 
prevent  a  flood  of  AMS  messages  when  rate-changes  hap¬ 
pen  at  a  very  high  frequency. 

The  event  manager  runs  the  raw  data  through  the 
same  algorithm  as  the  AP  but  unlike  the  AP,  which  must 
process  and  send  results  at  a  very  high  rate,  the  event 
manager  has  the  time  and  access  to  the  database  to  do 
extra  processing.  It  translates  faults  which  are  just  bits 
to  the  AP  to  device  and  state  names  that  are  understand¬ 
able  to  the  user.  The  CAMAC  module  name  and  location 
are  determined  for  any  port  which  could  not  be  read  by 
the  AP.  The  current  and  requested  rate  integer  values  are 
translated  to  meaningful  character  strings.  Since  the  event 
manager  uses  the  same  algorithm  and  data  as  the  AP,  it 
also  checks  that  it  gets  that  same  results  as  the  AP,  pro¬ 
viding  extra  verification  of  AP  functionality. 

Error  Manager 

The  error  manager  is  a  simple  process  which  receives 
error  message  buffers  sent  using  AMS  from  any  micro  task 
and  then  forwards  these  messages  to  the  standard  SLC 
error  handler  for  logging,  display,  and  broadcasting  to  the 
SCPs.  Error  messages  are  buffered  on  the  micro  side  to 
prevent  a  flood  of  AMS  messages  when  a  flood  of  errors 
are  experienced  by  the  micro.  If  an  error  is  associated 
with  a  particular  SCP  process,  that  SCP  identification  is 
included  in  the  buffer  so  that  the  error  is  sent  to  just  that 
SCP  instead  of  all  SCPs.  If  a  fatal  error  is  detected  from  an 
AP,  error  manager  also  sends  mail  to  the  MPS  controller 
to  halt  MPS. 
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Abstract 

A  continuous  replacement  and  upgrade  procedure  for  the  control 
system  of  the  running  light  source  BESSY  has  been  proposed 
in  1990  [3].  Today  we  can  present  the  components  of  the  ‘final’ 
system.  The  concept  has  shown  to  be  practicable  and  flexible. 
Tbchnically  improved  solutions  unforeseeable  at  start  time  of 
the  conversion  and  not  available  before  1991  could  be  utilized 
even  in  the  main  turnover  phase.  The  intended  goals  have  been 
achieved:  Beam  time  has  not  been  affected  by  the  conversion 
process.  Developmental  and  operational  experiences  show  that 
the  system  will  supply  us  with  key  components  for  the  control 
of  BESSY  II. 


Introduction 

The  'Berliner  Elektronenspeichening-Gesellschaft  fllr  Syn¬ 
chrotronstrahlung  m.b.H.’  (BESSY)  operates  an  800  MeV  stor¬ 
age  ring  dedicated  to  the  generation  of  synchrotron  light  in  the 
VUV  and  soft  X-ray  region  [1], 

A  cautious  and  smooth  modernisation  scheme  for  the  aged 
control  system  [2]  of  the  fully  equipped  and  continuously  run¬ 
ning  light  source  BESSY  has  been  introduced  in  1990  [3].  Since 
then  step  by  step  the  electronically  cascading  interface  system 
attached  to  a  central  minicomputer  system  has  been  exchanged 
‘in  the  fly’  by  a  DCE  (distributed  computing  environment ).  Ap¬ 
plication  programs  have  been  ported  to  a  modem  workstation 
platform.  Progressive  replacement  of  all  system  components 
led  us  to  the  current  phase  of  finishing  and  clean  up. 

Prerequisites  and  schedule  of  the  modernisation  concept  [3]  as 
well  as  the  features  of  our  graphical  user  interface  management 
system  (UIMS)  [4]  have  already  been  described.  Purpose  of  the 
present  paper  is  to  point  out  those  modifications  of  the  original 
approach,  that  have  shown  to  be  advantageous  and  describe 
specific  solutions,  that  could  be  of  general  interest. 


Configuration  Overview 

The  new  system  consists  of  four  stationary  operator  consoles 
(See  fig.  1).  Two  of  them  are  the  workstation  console  displays 
of  HP  Apollo 9000/730 machines  and  two  are  fast,  but  otherwise 
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‘dumb’  19”  X-terminals.  One  mobile  console,  an  elder  17”  X- 
terminal,  can  be  used  at  the  location  of  equipment  that  has  to  be 
repaired  or  where  diagnostics  have  to  be  performed. 


CAN 


CAN  CAN 


Figure  1:  Sketch  of  the  Hardware  Configuration 


Three  unexpensive  RISC  workstations  with  minimal  config¬ 
uration  provide  protocol  conversion  from  TCP/IP  (IEEE  802.2) 
on  the  presentation  and  command  level  to  Proway  C  (IEEE 
802.4,  IEC  955)  on  the  process  field  bus  ‘eLAN’  (See  [3]). 

Attached  to  three  segments  of  the  Proway  C  fieldbus  are  about 
twenty  micro  processor  nodes  (crates)  with  312  slots.  Node 
masters  are  IBM-AT  compatible  boards  (See  ‘Interface  Node 
Master’).  On  the  parallel  bus  (ECB)  they  control  both  standard 
I/O  interface  cards  and  gateway  controller  boards  to  lower  level 
field  bus  systems,  the  Controller  Area  Networks  (CAN)  [5].  In 
total  eight  CAN  configurations  allow  to  equip  the  electronics 
of  about  50  power  supplies  with  an  embedded  controller  (See 
‘Low  Level  Field  Bus’). 

The  new  hardware  configuration  not  only  replaces  (nearly) 
all  aged  interfaces.  In  addition,  a  20%  increase  of  the  number 
of  remote  controlled  devices  is  achieved.  About  50  pieces  of 
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equipment  formerly  handled  by  local  i  jttons,  potentiometers, 
wheel  switches  and  digital  voltmeters  are  now  attached  to  the 
computer  system. 


Software  Architecture 


The  completely  transparent  transition  from  the  old  control  sys¬ 
tem  to  a  flexible,  modem  one  imposes  severe  restrictions  on 
any  possible  solution.  More  software  modules  are  needed  and 
the  architecture  is  more  complicated  than  in  a  newly  designed 
system. 

NEW  OLD 


DbtrlbuUd  Computing  Environment 


‘HP1M0’ 


Figure  2:  Sketch  of  the  Software  Architecture 

The  new  control  system  is  based  on  six  very  different  protocol 
layers  (See  fig.  2).  As  the  operator  clicks  a  button  of  the  Graph¬ 
ical  User  Interface  (GUI)  at  one  of  the  console  displays  up  to 
seven  server  programs  have  to  communicate  until  that  event  is 
converted  into  the  hardware  action  the  operator  had  in  mind. 
Nevertheless  the  total  response  time  stays  within  the  order  of 
100  ms.  This  period  of  time  is  basically  due  to  the  moderate 
performance  of  the  field  bus  ‘eLAN*. 

Despite  that  complexity  any  program  that  has  to  drive  or  con¬ 
trol  a  piece  of  equipment  has  to  use  an  application  program 
interface  (API)  from  a  library  of  system  access  calls.  That 
central  software  interface  allows  to  keep  the  application  code 
transparent  and  independent  from  the  current  field  level  config¬ 
urations. 


Programmable  Control  Application 

Complex  driving  programs  written  in  a  sequential  language 
(BASIC,  FORTRAN)  and  programmed  by  sets  of  configura¬ 


tion  data  are  difficult  to  modify  and  maintain.  Properties  of  the 
hardware  and  exception  handling  are  usually  spread  all  over  the 
code. 

We  try  to  minimize  these  problems  with  an  object  oriented  ap¬ 
proach  [7]:  According  to  hardware  specifics  and  driving  meth¬ 
ods  devices  correspond  to  classes  in  the  code,  usually  derived 
from  the  obvious  generic  structures  (e.g.  power  supply,  valve, 
etc.).  A  built  in  interpreter  section  allows  to  attach  device  name 
to  device  class,  form  lists  of  devices,  do  simple  arithmetical' 
and  logical  operations,  parse  input  and  write  output  files.  That 
provides  the  desired  flexibility  to  the  sets  of  configuration  data. 


Interface  Node  Master 

As  a  new  technical  solution  a  board  equipped  with  an  Intel 
i386DX  processor  became  available  in  April  ‘91.  It  is  100% 
IBM-AT  compatible  and  runs  MS-DOS  5.0.  It  fits  with  its  ISA 
and  ECB  bus  connectors  into  a  dual  bus  crate. 

This  board  implies  so  many  advantages  that  our  developments 
for  the  system  envisaged  so  far  (MC  680x0  running  OS  9)  [3] 
have  been  frozen. 

-  The  equipment  server  software  existing  for  CP/M  (Z80) 
systems  [3]  is  much  easier  and  faster  ported  to  the  more 
similar  DOS  (i386)  system  than  to  OS  9  (MC  680x0). 

-  In  addition  to  the  ECB  bus  IO  cards  standard  PC  hardware 
becomes  accessible  by  the  ISA  slots.  This  makes  it  easy  to 
utilize  inhouse  expertise  for  PC  systems.  Solutions  from 
outside  the  controls  group  can  be  integrated  into  the  control 
system  with  little  extra  work. 

-  More  ECB  bus  slots  per  crate  (26  instead  of  16)  provide 
better  flexibility. 

-  Whenever  required  the  hardware  allows  to  replace  DOS 
by  a  realtime  UNIX  kernel  or  another  powerful  realtime 
operating  system  like  Lynx  OS. 

The  equipment  server  code  fits  into  modem  object  oriented 
concepts  (object  description,  data,  methods).  Software  inter¬ 
faces  within  this  servo-  foresee  to  treat  local  application  pro¬ 
grams  and  requests  from  the  fieldbus  on  an  equal  basis.  Vacuum 
and  high  frequency  surveillance,  lifetime  monitor  etc.  that  run 
presently  on  stand  alone  PC- AT  systems  will  be  integrated  into 
the  server  at  this  point. 


Low  Level  Field  Bus 

The  fast  and  robust  CAN  (controller  area  network)  [5]  has  been 
developed  for  trucks  and  cars  and  is  available  as  unexpensive 
firmware  [6].  Its  efficient  protocol  (Iso/DIS  1 1898)  is  based  on 
priority  drive  bus  arbitration.  Messages  are  not  sent  to  specific 
addresses.  Nodes  broadcast  data  objects  that  are  received  and 
evaluated  by  all  participants  where  the  objects  are  meaningful.- 
A  mechanism  to  notify  data  requests  is  part  of  the  protocol.  CAN 
supplies  very  flexible  solutions  for  the  common  problem  to  treat 
analogous  signals  at  the  location  of  the  devices  and  transport  the 
data  to  the  higher  level  micro  computer. 
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Figure  3:  CAN  compared  to  MAP  conformal  Profibus 


We  have  defined  and  implemented  a  small  protocol  layer  be¬ 
tween  DOS  Server  and  CAN  gateway  that  allows  to  establish 
a  stable  and  fault  tolerant  link  between  Proway  C  node  master 
(i386)  and  CAN  gateway  (Z84xx)  (Link  Driver  in  fig.  2).  A 
device  server  running  on  the  embedded  controller  (Z  84xx)  of  a 
CAN  node  has  been  designed  and  realized.  The  required  com¬ 
munication  protocol  (on  top  of  the  CAN  bus  protocol)  between 
CAN  gateway  and  ‘slave’  node  has  been  implemented  (CAN 
in  fig.  2).  Matching  of  these  modules  has  been  tuned  and  the 
Proway  C-CAN  microprocessor  system  as  a  whole  runs  stable. 

The  determination  of  the  beam  postilion  for  the  fast  orbit  mea¬ 
surement  and  correction  system  currently  under  development  at 
BESSY  will  take  place  locally  at  the  pick  up  stations.  The  ap¬ 
plication  software  that  converts  signal  strength  to  the  electron 
beam  position  information  will  run  on  the  embedded  controller 
of  a  CAN  ‘slave’  node  (See  fig.  2). 


Measuring  Devices 

Varying  command  sets  and  limitations  to  bus  cable  lenght  require 
specific  solutions  for  the  control  of  measurement  equipment  on 
the  OP-IB  bus  (IEEE  488,  IEC  625).  We  use  separate  GP-IB 


controller  units  that  give  bus  access  to  any  computer  equipped 
with  a  serial  line  interface  (RS  232  C). 

Serial  line  interfaces  on  the  console  computers  attached  to  a 
GP-IB  controller  unit  are  handled  by  dedicated  saver  programs. 
A  configuration  server  (See  fig.  2)  supplies  the  actual  mapping  of 
device  names  to  serial  line  server  responsible  for  the  appropriate 
GP-IB  segment.  The  API  library  routine  then  opens  a  rpc- 
connection  to  the  GP-IP  access  server  that  mediates  the  exchange 
of  commands  and  replies  with  the  device. 

Summary 

With  the  new  system  maintai nance  will  be  no  problem  for  a 
long  period  of  time.  Nearly  no  extra  machine  time  has  been 
needed  for  installation,  testing  and  debugging.  From  graphical 
entities  to  device  servers  object  oriented  programming  methods' 
have  been  used  at  all  levels.  The  modem  man  machine  interface 
based  on  the  X  window  system  has  been  intuitively  learned  by 
the  operators  and  is  widely  accepted.  Application  programs 
could  be  drastically  improved  and  are  much  easier  maintainable 
on  the  modem  platform. 

During  the  start  phase  of  BESSY  II  we  are  immediately  in  a 
position  to  control  hardware  at  the  level  of  the  magnet  or  vacuum 
laboratories.  For  the  operation  of  the  light  source  BESSY  n  it 
is  at  least  a  core  system.  Superfluous  modules  that  have  been 
necessary  for  the  current  control  system  conversion  (like  the 
Proway  C  field  bus)  have  to  be  removed. 

Synchronisation  of  application  programs  and  database  struc¬ 
tures  have  to  be  introduced.  Simulation  programs  have  to  give 
decision  and  control  support.  Sophisticated  driving  programs 
have  to  compensate  correlated  interactions  (e.g.  of  undulators 
scanning  at  different  speed).  For  the  storage  ring  components 
different  levels  of  privacy  have  to  regulate  access  permissions 
and  protection. 
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Abstract 

In  the  INCT  a  Pilot  Plant  for  Food  Irradiation  started 
the  operation  November  1992.  The  plant  is  equipped  with 
linear  electron  accelerator.  To  improve  the  operation  it  was 
decided  to  equip  the  accelerator  with  computerized  system 
of  the  control  and  data  acquisition.  It  is  based  on  IBM 
PC/AT  computer  and  the  BITBUS  interconnection  system. 

I.  INTRODUCTION 

In  the  Pilot  Plant  for  Food  Irradiation,  new  accelerator 
facility  is  installed.  This  is  Russian  made  industrial  electron 
linac  "Elektronika  10-10"  with  electron  energy  of  lOMeV 
and  mean  power  of  the  beam  up  to  lOkW  [1],  The  main  parts 
of  the  accelerator  are  RF  magnetron  power  generator,  tra¬ 
velling  wave  type  accelerating  structure,  high  power  pulse 
modulator,  an  electron  gun  and  control  system.  To  assure 
more  effective  operation  of  the  accelerator  and  for  its  more 
convenient  inspection,  it  was  decided  to  equip  the  accelera¬ 
tor  with  computerized  system  of  the  control  and  data  acqui¬ 
sition.  Such  a  system  will  be  very  useful  for  the  assurance  of 
the  irradiation  process  quality.  The  system  is  based  on  IBM 
PC/AT  computer  and  the  BITBUS  interconnection  system 
posessing  distributed  control  modules  [2, 3]. 

II.  REQUIREMENTS  FOR  THE  SYSTEM 

The  task  of  the  system  on  its  first  stage  of  realization 
was  supervising  selected  parameters  of  the  accelerator,  and 
memorizing/visualizing  their  current  values  in  the  form  con¬ 
venient  for  inspection  of  the  accelerator  operation  by  the 
operator.  The  second  stage  will  be  full  automatization  of 
accelerator  operation.  After  realization  of  the  second  stage 
of  the  system  we  will  be  able  to  assure  full  automation  of 
accelerator  operation  including  the  reaching  selected  para¬ 
meters  of  the  accelerator  and  their  stabilization  with  a 
closed  feedback  loop.  To  do  it,  considerable  modification  of 
electronic  systems  of  accelerator  is  needed.  Starting  the 
second  stage  of  realization  of  the  system  is  planned  to  be 


done  after  finishing  the  warranty  period  for  the  accelerator. 
To  attain  practical  realization  of  the  system  sixteen  analog 
signals  taken  from  the  electronic  circuits  of  the  acceleartor 
should  be  processed.  The  list  of  signals  to  be  processed  is  as 
follows: 

1  -  straight  beam  current 

2  -  bended  beam  current 

3  -  bending  magnet  current 

4  -  scanning  magnet  current 

5  -  mean  magnetron  current 

6  -  magnetron  voltage 

7  -  magnetron  frequency  deviation 

8  -  HF  power  level 

9  -  magnetron  solenoid  current 

10  -  accelerator  solenoid  current,  section  I 

11  -  accelerator  solenoid  current,  section  II 

12  -  accelerator  solenoid  current,  section  III 

13  -  gun  voltage 

14  -  velocity  of  the  conveyor 

15  -  vacuum  level 

16  -  mains  voltage 

III.  SYSTEM  DESCRIPTION 


Analog  signal*  from 
the  accelerator 


Fig.l.  Block  diagram  of  the  system  of  data  acquisition 
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The  block  diagram  of  the  system  of  data  acquisition  is 
shown  in  fig.  1. 

Analog  signals  from  the  accelerator  are  delivered  to 
the  block  of  sixteen  analog  modules  with  optoisolation. 
Next,  these  signals  are  fed  to  the  BITBUS  analog  module 
which  includes  multiplexer  and  analog-to-digital  conver- 
ter.This  module  realizes  sequential  ADC  conversion  of  the 
signals  and  their  preliminary  processing.  Digital  signals  are 
transmitted  to  the  computer  by  means  of  BITBUS  data  way. 
Operation  of  the  system  is  based  on  appropriate  software, 
which  may  be  divided  into  three  following  parts: 

1  -  local  software  of  analog  module  responsible  for 
carrying  out  the  measurements,  their  results  memorizing 
and  preliminary  processing  inside  the  module; 

2  -  data  base,  which  ensures  to  storage  operational 
parameters  of  the  accelerator  and  various  data  of  the  plant’s 
activity,  for  example  registration  of  customers,  write  out  the 
cheques  and  certificates  of  radiation  treatment.  Apart  from 
this,  data  base  allows  to  define  all  parameters  of  measuring 
channels,  which  gives  the  operator  the  possibility  of  adju¬ 
sting  the  voltage  on  a  given  measuring  output  and  related 
physical  parameter  of  the  accelerator; 

3  -  controlling  software,  written  in  C  language,  which 
allows  the  current  inspection  of  the  accelerator  parameters 


and  directs  the  transmission  of  information  trough  the  BIT- 
BUS  data  way,  participating  in  data  exchange  between  ana¬ 
log  module  and  data  base. 

IV.  CONCLUSIONS 

The  system  of  data  acquisition  (stage  1)  has  been  con¬ 
nected  to  the  "Elektronika  10-10"  rf  linac  and  preliminarily 
tested.  In  consequence  considerable  improvement  in  the 
inspection  of  the  accelerator  was  obtained. 

Further  development  of  the  system  (stage  2)  for  the 
extention  its  ability  in  the  control  and  stabilization  of  im¬ 
portant  accelerator  parameters  is  under  consideration. 
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Abstract 

The  paper  deals  with  development  of  the  conception 
and  main  functions  of  the  system  based  on  knowledge  for 
magnetic  systems  investigations.  The  use  of  distributed 
artificial  intelligence  and  cooperating  systems  is  discussed. 
Some  applications  are  presented. 

I.  INTRODUCTION 

Distributed  problem  solving  architectures  can  now  also 
give  benefits  for  intelligent  advice  giving  and  problem  solv¬ 
ing  systems,  as  they  might  be  used  in  accelerator  operation 
and  design.  At  point  of  view  of  the  solution  methods,  this 
task  was  defined  as  a  problem  characterized  by  incomplete 
and  inexact  data,  the  use  of  heuristic  knowledge  for  defin¬ 
ing  part  of  the  values  of  the  model  parameters  and  its  fol¬ 
lowing  solution.  A  Computer  Aided  Assistants  (integrated 
expert  systems)  have  been  developed  to  solve  this  tasks 
using  the  architecture  of  cooperating  distributive  systems. 
Data  are  used  with  user  feedback  to  provide  the  model¬ 
ing  and  to  change  the  solution.  Multilevel  problem  solving 
scheme  is  used.  The  comparison  of  the  different  solutions 
for  the  tasks  or  subtasks  carries  out  using  a  problem  solv¬ 
ing  model  with  the  use  of  qualitative  model.  It  describes 
the  system  regimens. 

II.  ACCELERATOR  OPERATION  AND 
CONTROL  SYSTEMS 

Accelerator  operation  is  a  task  demanding  technical 
competence,  experience,  diagnostic  skill  and  judgement. 
The  essential  ingredients  in  any  kind  of  accelerator  con¬ 
trol  system  are:  timing  system,  equipment  interfaces,  net¬ 
works,  computers,  software.  The  operator  has  to  handle 
large  amounts  of  information  coming  from  several  different 
kinds  of  systems,  coordinate  and  use  a  limited  number  of 
tools  simultaneously,  make  a  general  judgment  of  the  sit¬ 
uation,  and  take  reasonable  decisions.  Therefore,  as  soon 
as  reliable  computers  were  available  and  the  accelerators 
complicated  enough,  a  part  of  the  operator’s  duties  was  off¬ 
loaded  onto  computers.  This  formulation  already  implies 
that  there  are  several  layers  of  control  objectives  (hierar¬ 
chical  structure): 

•  reflexive  controls  (  simple  servo  and  regulatory  con¬ 
trols  or  simple  sequential  and  interlocking  digital  de¬ 
vices).  It  is  a  rule  to  keep  reflexive  control  away  from 
the  top  layers  and  for  this,  modern  microprocessors 
can  be  very  good  tools.  Here  the  major  portions  of 
the  real-time  programs  run. 


•  reactive  controls  (adaptive  control,  failure  diagnos¬ 
tics,  safety  systems  and  multivariable  controls).  They 
are  the  realm  of  the  distributed  computerized  control 
system  today. 

•  tactical  controls.  Using  digital  models  of  the  analo¬ 
gous  process,  ’’accelerator”  physicists  try  to  optimize 
the  controls  and  the  machine.  At  this  level  it  should 
be  possible  to  try  (in  the  model)  different  optical  con¬ 
figurations  of  the  accelerators  and  the  corresponding 
changes  in  magnet  settings. 

•  strategic  controls.  These  would  be  the  scheduling  of 
the  run  times,  selecting  optimum  energies  to  run  at, 
and  related  topics. 

The  subdivision  into  decision  layers  as  in  a  hierarchi¬ 
cally  ordered  system  is  not  followed  in  all  existing  accelera¬ 
tor  control  systems.  A  modern  accelerator  control  system 
contains  distributed  intelligence  for  reflexive  and,  if  pos¬ 
sible,  reactive  control  tasks.  The  hierarchy  of  control  is 
realized  in  layers  of  hardware  interconnected  by  networks. 
The  lowest  layers  takes  care  of  reflexive  controls,  the  up- 
most  layer  of  tactical  or  strategic  controls.  The  interfaces 
to  the  process  are  in  some  way  standardized  to  ease  both 
commissioning  and  maintenance.  Real-time  operating  soft¬ 
ware  has  to  be  switched  coinciding  with  external  signals. 
Many  levels  of  timing  precision  can  be  distinguished.  This 
observation  leads  unavoidably  to  the  idea  of  local  electron¬ 
ics  at  the  device  in  question  and  a  bus  to  transport  infor¬ 
mation  to  some  intelligent  controller.  Not  all  information 
flows  to  the  control  room  through  the  computer  networks. 
Analog  signals,  TV  pictures  and  in  particular  interlock  cir¬ 
cuits  go  via  other  routes. 

The  analysis  of  the  tasks  of  an  operator  show  that 
there  are  different  levels  of  involvement/  expertise  neces¬ 
sary  during  the  operation  of  the  accelerator.  Task-  depen¬ 
dent  knowledge  is  more  useful  in  problem  solving.  These 
levels  can  described  in  the  following  way: 

•  Training  and  testing. 

•  Operation  in  normal  conditions.  The  basic  tasks  for 
the  operator  are  monitoring  the  performance  and  ad¬ 
justing  parameters  in  case  of  slight  fluctuations  to 
optimize  the  operation. 

•  High  level  breakdown,  i.e.  troubleshooting  of  high 
level  faults  like  false  parameter  setting,  an  entirely 
broken  element,  drifts,  etc.  These  faults  should  be 
seen  as  breakdowns  that  can  be  diagnosed  on  a  con¬ 
ceptual  level  that  needs  no  reasoning  about  the  con¬ 
trol  system. 
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•  Low  level  breakdown,  i.e.  troubleshooting  of  low 
level  elements/  modules  of  the  control  system  like 
wrong  data  in  equipment  driver  tables  or  faulty  elec¬ 
tronic  interface  modules  whichs  are  only  resolved  by 
a  controls  specialist. 

III.  CONCEPTION  AND  MAIN  FUNCTIONS 

The  use  of  artificial  intelligence  and  workstations  in 
the  accelerator  operation  and  design  has  become  standard 
practice  [1].  Most  expert  system  (ES)  tools  used  in  this 
field  comprise  an  inference  engine,  a  knowledge  acquisition 
system,  a  knowledge  base,  an  explanation  sy  'em  and  a 
user  interface.  Applied  knowledge  usually  takes  the  form  of 
“assistant”  programs  (CAA  -  Computer  Aided  Assistant). 

ES  may  be  used  to  integrate  a  big  program  complex 
oriented  to  modeling  the  accelerator,  for  example  in  the 
design  of  the  modification  of  the  spectrometrical  magnet 
SP-40  at  the  EXCHARM  facility  [2].  This  problem  solving 
system  (CAA)  assists  the  user  during  the  following  steps: 
to  prepare  the  input  data,  to  integrate  and  store  the  infor¬ 
mation  required,  to  model  the  different  solutions,  to  select 
the  best  solution,  and  to  check  the  solution.  During  the 
modeling  the  heuristic  knowledge  may  be  play  a  big  role. 
A  prototype  of  this  CAA  has  developed  using  blackboard 
architecture  and  network  workstations. 

The  blackboard-system  essentially  consists  of  three  com¬ 
ponents:  blackboard  data  structure  (BB),  knowledge  sour¬ 
ces  (KS)  and  control  modules  (CM).  BB-systems  empha¬ 
size  the  use  of  multiple  cooperating  subESs,  or  KSs.  The 
purpose  of  BB  (global  solution  database)  is  to  hold  com¬ 
putational  and  solution  data  needed  and  produced  by  the 
subsystems.  The  BB  was  segmented  into  distinct  levels  of 
abstraction.  It  also  describes  the  problem  solving  strate¬ 
gies  and  programs.  Each  KS  is  a  small  knowledge  based 
problem  solver,  and  its  internal  processes  have  only  local 
effects,  rather  than  causing  potential  interactions  with  the 
rest  of  the  system.  KSs  assist  to  the  user  in  the  selection 
of  the  problem  solving  strategies.  The  problem  solving 
behavior  of  a  BB-system  is  determined  by  the  KS  appli¬ 
cation  strategy  encoded  in  the  control  modules.  Basically 
the  CM  determines  the  blackboard  region  to  focus  on  and 
the  particular  KS  to  work  on  that  region.  Graphic  tools 
are  included. 

The  following  tasks  were  important  for  ES  oriented  to 
accelerator  operation  and  control:  on-line  data  processing 
(analog  and  digital  data);  finding  heuristic  methods  of  di¬ 
agnosis  from  human  expert  (surface  knowledge);  modeling, 
and  calculations  (deep  knowledge);  local  checks  using  os¬ 
cilloscopes,  measurement  tool,  etc.  (off-line  information); 
visual  checks  and  unmeasured  information;  logbook,  chart, 
and  drawing  checks;  wave  from  diagnosis;  and  Case  Base 
storage  (indexing,  learning). 

The  goal  of  the  accelerator  operation  and  control  can  be 
achieved  if  the  identified  tasks  cooperate  with  each  other. 
Well  defined  autonomous  tasks  like  alarm  monitoring  and 
treatment,  equipment  access,  optimization,  management 


of  archives,  beam  diagnosis,  and  control  system  diagno¬ 
sis,  can  be  regarded  in  the  context  of  accelerator  operation 
as  loosely  coupled  cooperating  agents.  They  can  perform 
tasks  independently  of  each  other  and  can  send  requests 
to  other  agents  to  work  on  the  common  goal  of  accelera¬ 
tor  operation.  The  cooperational  features  on  top  of  these 
subtasks  must  include  the  capability  of  reasoning  on  the 
current  state  of  the  task,  the  current  state  of  other  tasks, 
and  how  the  interaction  between  these  tasks  influences  the 
control  within  any  particular  task. 

The  increasing  complexity  of  accelerator  control  sys¬ 
tems  raises  the  need  for  distributed  processing  systems.  A 
high  degree  of  physical  distribution  and  modularity  and  the 
need  for  continuous  modifications  and  updates  can  easily 
make  such  evolving  complex  systems  inconsistent.  These 
kinds  of  problems  are  the  subject  of  Distributed  Artificial 
Intelligence  (DAI).  Distribution  of  the  intelligence  allows 
one  to  free  the  host  from  trivialities.  Once  freed  from  the 
reflexive  control,  it  can  support  the  ope-ator  effectively 
maximizes  reliability  and  efficiency.  Effective  partitioning 
maximizes  reliability  and  efficiency.  A  closed  loop  works 
properly  only  if  all  time  constants  are  adequately  chosen 
and  this  applies  also  if  a  man  is  part  of  the  loop.  The  user 
interface  has  to  be  user  friendly.  To  be  effective,  the  sys¬ 
tem  has  to  perform  three  functions  on  the  incoming  data 
stream: 

•  a  reliable  and  accurate  collection,  fast  enough  in  real 
time,  is  mandatory; 

•  the  vast  amount  of  data,  possibly  created  in  this  way, 
has  to  be  reduced  and  concentrated;  and 

•  each  system  user,  operator  and  maintenance  techni¬ 
cian,  has  to  have  the  possibility  of  accessing  the  bits, 
the  equipment  or  physics  parameter  that  they  need 
in  real  time,  without  interruption  or  excessive  time 
lag. 

Software  clearly  depends  on  the  architecture  of  the  con¬ 
trol  system.  The  software  includes  data  preparation  and 
data  acquisition  modules  (build  up  configuration,  compute 
optics  &  beam  parameters,  trim  model  output);  databases 
(reference  data  set,  target  data  set,  current  data  set,  ac¬ 
celerator  description);  hardware  interface  modules  (initial¬ 
ize/  set/  increment  hardware,  read  accelerator  parameters, 
measure  beam  parameters);  feedback  modules  (compute 
modifications);  and  learning  mechanism  (archive/  improve 
accelerator  description,  update  when  improved).  The  con¬ 
sole  programs  at  the  accelerator  may  be  generally  classified 
in  three  main  groups:  study  programs  (modeling:  accelera¬ 
tor  physics  -  model  beam  dynamics);  model  programs  (ac¬ 
celerator  component  description  -  compute  machine/  beam 
parameters  -  accelerator  parameters  description);  and  real¬ 
time  application  programs  (calculate/  set/  read/  adjust 
accelerator  parameters,  measured/  read  parameters). 

The  CAA  AOC  for  accelerator  operation  and  control  in¬ 
cludes  the  following  basic  components:  accelerator’s  CAA. 
operator’s  CAI  (Computer  Aided  Instruction),  operator's 
CAA  (that  assists  the  operator  during  the  operation  in 
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normal  conditions),  diagnostic  ESs  (that  assist  the  opera¬ 
tor  during  the  high  and  low  level  breakdown),  DBMS,  and 
help,  utilities  and  interface  programs. 

The  control  system  (CS)  gives  the  possibility  of  access¬ 
ing  the  different  accelerator  elements  in  a  standard  way. 

Drift  in  parameters  and  optimization  is  checked  by  a 
subsystem  of  the  operator’s  CAA,  using  the  applications 
software  for  measurements  and  control  actions.  Test  which 
change  control  values  are  passed  through  it. 

The  control  system  scans  the  equipment  and  produces 
an  unfiltered  alarm  list.  The  alarm  expert  subsystem  of 
the  operator’s  CAA  can  be  considered  as  an  intelligent 
interface  to  the  control  system  and  its  alarm  system  in 
particular  and  could  be  responsible  for  processing  alarm 
data  for  the  operator.  Then  it  will  reduce  the  feedback 
loop  via  the  operator,  by  eliminating  useless,  misleading 
and  unnecessary  information. 

The  operator’s  CAI  is  an  ES  oriented  to  training  and 
to  testing  their  technical  competence  and  experience. 

The  ES  for  diagnosing  hardware  and  software  problems 
in  the  modules  of  the  control  system  is  mainly  based  on 
deep  knowledge,  and  uses  DBMS  to  instantiate  the  models 
used  in  a  session.  The  path  of  the  control  parameter  goes 
via  several  front  end  computers  (network  workstations), 
transmission  systems  and  microcomputers,  and  was  piloted 
by  generic  and  specific  software  for  the  equipment  control. 

The  ES  for  diagnosing  problems  concerning  the  acceler¬ 
ator  and  the  beam  includes  a  data  acquisition  module  that 
acquires  and  judges  information  about  beam  parameters. 
It  reduces  the  uncertainty  in  the  acquisition. 

The  equipment  diagnosis  expert  system  verifies  the  hy¬ 
potheses  developed  by  the  expert  system  for  diagnosing 
problems. 

The  information  about  the  layout  and  function  of  the 
accelerator  and  control  system  is  stored  in  the  database 
(DBMS).  It  also  serves  to  fill  information  into  local  and 
on-line  data  storage.  In  operation  it  can  be  used  for  check¬ 
ing  reality  against  design  intentions,  mostly  for  software 
modules,  and  for  storage  of  reference  data  for  well  defined 
operational  situations.  The  distributed  database  contains 
the  translation  table,  the  current  values,  set  points  and  ac¬ 
tual  values  for  each  piece  of  equipment,  conversion  factors, 
end  point  settings  and  many  other  parameters. 

The  user  interface  module  coordinates  information  from 
the  different  subsystems  and  takes  care  of  the  presentation 
to  the  user.  The  operator  interface  includes  the  use  of 
interactive  menus,  spreadsheets  and  distributed  windows. 

A  framework  [3]  for  integration  of  cooperating  distribu¬ 
ted  systems  in  process  supervision,  design  (modeling)  and 
control  applications  in  the  accelerator  was  developed.  The 
Cooperation  Layer,  that  provides  the  means  for  coopera¬ 
tion,  is  decomposed  into  several  components.  The  Intel¬ 
ligent  System  (IS)  incorporates  subtasks  of  the  problem. 
The  Monitor  is  the  control  instance  and  connects  the  ISs 
or  semi-autonomous  processing  elements  to  the  Coopera¬ 
tion  Layer.  Using  the  knowledge  sources,  the  Planning  and 
Coordination  Module  supervises  all  cooperational  behavior 


like  situation  assessment  and  planning.  The  Communica¬ 
tion  Modules  and  the  Session  Layer  do  all  message  passing 
between  systems.  The  Information  Management  Module 
(DBMS)  provides  a  distributed  information  access  mecha¬ 
nism  to  support  the  remote  access  and  sharing  of  informa¬ 
tion  among  systems  and  it  is  in  close  connection  with  the 
Acquaintance  Models  (AM)  and  the  Self  Model  (SM).  The 
SM  Model  represents  a  system’s  own  capabilities,  needs 
and  interests.  The  AM  stores  similar  information  about 
other  systems  of  the  cooperating  community  in  which  the 
system  itself  is  interested.  The  accelerator’s  CAA  pro¬ 
vides  (integrates)  the  functions  of  the  Cooperation  Layer 
and  Session  Layer.  This  framework  may  also  be  used  for 
each  intelligent  system. 

These  CAAs  integrate  systems  based  on  knowledge, 
databases,  spreadsheets,  graphic  tools  and  other  utilities. 
It  also  provides  a  user-friendly  interface.  This  conception 
was  developed  using  network  workstations  for  the  MT-25 
microtron  [4]  at  JINR  to  help  microton  operator  in  the 
preparation,  start,  technical  fault  search  and  adjust,  run 
(operation),  turn  off  and  maintenance  processes  . 

IV.  CONCLUSION 

Computer  Aided  Assistants  based  on  knowledge  and 
characterized  by  good  ergonomic  conditions,  user-friendly 
interfaces  and  adequate  response  time  make  more  easy  the 
work,  reduce  the  training  time  and  the  number  of  user 
mistakes.  They  use  symbolic  manipulation  and  numeri¬ 
cal  methods,  heuristic  knowledge  and  specialized  graphic 
tools. 

The  proposed  architecture  of  cooperating  distributed 
systems  increases  the  performance  and  power  of  such  sys¬ 
tems  specially  of  the  cooperating  heterogeneous  on-line 
systems  for  operating  an  accelerator.  It  covers  the  whole 
range  of  diagnosis,  process  optimization,  recovery  actions 
and  unified  presentation  to  the  operator.  This  has  emerged 
from  the  careful  study  of  the  accelerator  operation  at  the 
JINR. 
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Abstract 

CEBAF  has  recently  performed  automated  beam  orbit 
control  in  real  time.  This  effort  was  achieved  by  exploiting 
the  capabilities  of  the  TACL  control  system,  using  the  newly 
implemented  STAR  network,  which  easily  yielded  the 
required  data  transfer  density  needed.  Also  involved  in  this 
effort  was  the  On-Line  Envelope  code  OLE,  which  provided 
first-order  transfer  matrices  that  reflected  the  current  machine 
optics.  These  tools  made  the  implementation  of  the  specific 
orbit-correction  algorithms  easier  and  increased  reliability. 
The  implemented  algorithms  include  beamthreading,  orbit- 
locks  with  2  correctors/2  monitors,  most-effective  corrector, 
and  n-corrector/n-monitor  correction. 

I.  INTRODUCTION 

The  CEBAF  superconducting  accelerator^!  is  a 
recirculating  cw  electron  linac  consisting  of  a  45  MeV  injector 
linac,  two  0.4  GeV  main  linacs,  a  recirculator,  and  a  beam 
switchyard.  Each  beam  can  be  recirculated  up  to  five  times 
for  a  final  energy  of  4  GeV.  In  both  arcs,  beamlines  tuned  to 
specific  energies  transport  the  different-energy  beams  between 
linacs;  at  the  end  of  each  arc,  the  beams  are  recombined  and 
made  collinear  for  reinjection  and  further  acceleration.  There 
are  1400  correction  magnets  and  550  beam  position  monitor 
devices. 

The  large  magnitude  of  correction  elements  at  CEBAF 
requires  automated  beam  orbit  control  for  proper  accelerator 
operation.  A  requirement  therefore  exists  to  develop 
algorithms  which  will  automatically  correct  beam  position  and 
optical  parameters.  Tools  have  been  developed  to  greatly 
assist  in  this  development.  CEBAF  has  recently  implemented 
the  STAR  network  protocol,  which  has  vastly  improved  the 
data  transfer  speed  and  ease  of  obtaining  current  operational 
values.  A  machine  model  has  been  developed,  known  as  the 
On-Line  Envelope  (OLE),  which  uses  real  time  magnet 
currents  and  RF  cavity  settings,  computing  ideal  optics  and 
transfer  matrices.  These  values  are  delivered  to  the  orbit 
correction  applications  by  the  STAR  and  reflect  the  current 
running  state  of  the  accelerator. 

With  the  use  of  these  tools,  it  is  quite  easy  to  implement 
various  correction  methods.  CEBAF  has  just  successfully 
completed  the  high-power  and  east  arc  tests,  and  some  orbit 
correction  techniques  have  been  tested.  This  paper  will 
discuss  these  methods,  as  well  as  others  that  have  been 
implemented  in  code  and  are  ready  for  real  beam  testing. 

n.’/sTAR  DATA  DIRECTOR 

In  TACL^l,  the  STARtU  is  a  request-based  entity 
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responsible  for  signal  data  communications  among 
applications.  In  general,  signals  represent  readbacks  and 
setpoints  for  hardware  and  software  controls  that  are  created 
in  TACL  logic  sets.  Although  these  signals  are  updated  each 
logic  cycle,  the  STAR  communicates  signal  updates  only  for 
those  requested  by  applications  such  as  other  logic  sets,  TACL 
display  pages,  and  stand-alone  simulations.  Signal  value 
changes  are  recorded  and  maintained  in  shared  memory  on  the 
front-end  computers,  known  as  locals.  When  a  signal  is 
requested  by  an  application,  the  STAR  sends  out  a  request  to 
the  logic  set  that  owns  the  signal.  After  checking  the  shared 
memory  on  the  front-end  computer,  the  logic  set  sends  the 
update  to  the  STAR  which,  in  turn,  passes  the  data  to  the 
application  originating  the  request. 

In  this  scheme,  stand-alone  simulations  (like  OLE) 
operate  like  logic  sets  on  front-end  computers  in  that  they 
write  to  shared  memory,  but  the  aspect  that  looks  at  shared 
memory  and  communicates  with  the  STAR  is  managed  by 
programs  called  spy  programs.  These  programs  use  standard 
STAR  protocols  to  communicate  with  the  STAR,  but  they  are 
customized  to  read  the  shared  memory  generated  by  the 
simulation  and  package  the  information  into  an  acceptable 
signal  format  for  the  STAR. 

Application  programs,  like  orbit  correction  codes,  attach 
to  the  STAR  by  a  single  function  call.  Data  value  setting  and 
retrieval  are  accomplished  by  the  use  of  other  easy-to-use 
function  calls.  The  STAR  is  implemented  using  Berkeley 
Sockets  under  TCP/IP  protocol,  which  allows  attachment  from 
any  other  computer  located  on  the  network  which  are  routable 
to  the  computer  executing  the  STAR  code.  The  STAR 
maintains  a  list  of  computers  and  valid  users  which  have  write 
permission — all  other  connections  can  only  receive  data.  This 
feature  allowed  testing  of  application  program  execution  and 
logical  flow  without  the  fear  of  contaminating  data  values  and, 
possibly,  consequential  machine  damage. 

III.  ON-LINE  ENVELOPE 

CEBAF  originally  developed  the  OLE^l  program,  which 
quickly  computes  first-order  machine  Twiss  parameters,  in 
order  to  model  and  correct  the  beam  envelope.  The  design 
goal  of  OLE  was  to  develop  a  machine  model  which  would 
use  real-time  machine  settings,  such  as  magnet  currents  and 
RF  cavity  amplitudes  and  phase,  and  generate  beta  functions 
and  phase  advance  values  at  various  points  around  the  lattice, 
with  updates  taking  less  than  one  second  to  compute  and  post 
With  the  combined  use  of  efficient  programming  techniques 
and  modem  fast  computers,  this  goal  was  easily  achieved. 

OLE  starts  the  calculation  by  obtaining  magnet  optical 
strengths,  obtained  directly  from  the  magnet  LOGIC  for  each 
element,  which  develops  the  calculation  based  on  beam 
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energy  and  excitation  curves  for  that  element.  Also  inputted 
are  cavity  amplitude  and  phase  settings,  obtained  from  the  RF 
LOGIC.  Initial  alpha  and  beta  values  used  are  derived  from 
emittance  measurements  and  back-propagated  to  the 
beginning  of  the  lattice  for  use  by  OLE. 

OLE  performs  first-order  optics  calculations  using  2x2 
matrix  formulation  for  calculating  the  machine  beta  function 
at  a  point,  by  the  use  of  orthogonal  trajectories: 


OLE  constantly  checks  for  changes  in  the  magnet  or  RF 
values  and  recomputes  new  parameters  when  changes  occur. 
The  resulting  Twiss  parameters  are  posted  on  the  STAR  for 
use  by  all  application  programs  via  the  OLEspy  program 
(figure  2).  The  use  of  OLE  results  in  a  method  of  predicting 
orbit  corrections  for  the  current  machine  settings  without  user 
interaction,  simplifying  implementation  and  increasing 
reliability. 


(X.  *2 'I 

^P  cos  f  sin  0 
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—  cos  ^  —  *J~P$  sin  0  —  sin  0  +  ^ ~P  0  cos  tp 

where  <|>  is  the  arbitrary  initial  phase  angle,  usually  set  to  zero, 
and  a  and  p  are  initial  amplitude  functions.  Transfer  matrices 
of  the  familiar  form  used  for  propagating  (X  X ')  are  used  for 
the  above  trajectories.  The  transfer  matrix  used  for  the 
accelerating  cavities  was  developed  at  CEBAF  and  is 
basically  a  particle-tracing  algorithm  which  numerically 
adjusts  a  model  of  the  electric  Held,  matching  the  energy  gain 
measured  in  the  RF  controls  system.  The  matrix  contains 
focusing  effects  which  the  particles  experience  in  the  CEBAF 
cavities. 

The  Twiss  parameters  can  be  found  by: 

/»  =  *h+*12 
a  =  —  RuRji  ~  ®i2®22 


These  parameters  can  be  used  to  produce  transfer  matrices  of 
the  familiar  form: 


IV.  ORBIT  CORRECTION  METHODS 

Using  the  above  tools  made  implementation  of  orbit 
correction  algorithms  very  simple,  allowing  the  person 
developing  the  code  to  concentrate  mostly  on  the  algorithm, 
not  the  implementation.  Most  orbit  correction  techniques  read 
beam  position  monitor  data,  compute  a  correction,  and  set 
changes  in  corrector  strengths.  The  STAR  allows  the  global 
reading  of  various  monitor  data  in  one  function  call,  passing 
back  an  array  of  values.  Corrector  strengths,  in  optical  units 
as  a  function  of  energy  and  set  current,  are  generated  at  the 
local  computer  level  and  are  transferred  by  the  STAR  in  an 
identical  manner.  Similarly,  in  one  function  call,  Twiss 
parameters  generated  by  OLE  for  all  invoked  corrector  and 
monitors  are  delivered,  and  transfer  matrices  between 
elements  are  easily  created. 

CEBAF  has  recently  attempted  automatic  steering  for  the 
first  time.  The  first  tested  algorithm  was  beamthreading, 
which  employs  one  corrector  and  one  monitor,  with  the  goal 
being  to  predict  and  correct  the  beam  orbit.  The  algorithm 
implemented  was  to  predict  a  kick  which  would  locally 
correct  the  orbit  at  a  downstream  point: 
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Figure  1 .  OLE-STAR  Block  Diagram 


AAT,  =  - 

y  P corrector  y P  monitor  sm(*-«»utor  -  *  corrector  ) 

The  denominator  is  the  Mj2  transfer  matrix,  which  describes  a 
downstream  change  in  displacement  from  an  upstream  kick. 
OLE  computations  had  been  verified  previously  by  comparing 
results  with  DIMAD,  TRANSPORT,  and  PETROS  simulation 
codes,  and  by  predicting  beam  sizes  through  several 
quadrupoles  and  comparing  with  real  beam  emittance 
measurements.  The  other  factors  involved  that  were  tested 
included  the  calibrations  of  the  beam  position  monitors,  which 
were  determined  from  test  stand  data,  and  the  computation  of 
optical  strength  from  magnet  current  and  beam  momentum 
measurement. 

The  beamthreading  algorithm,  as  implemented,  uses  one 
monitor  and  one  corrector  and  performs  the  correction, 
iterating  if  necessary,  and  then  moves  to  the  next 
corrector/monitor  pair.  This  method,  although  slow,  is  simple 
and  results  in  a  properly  zeroed  orbit.  It  has  the  added 
advantage  of  easily  testing  the  model  against  the  real  machine, 
as  well  as  testing  the  monitor  and  corrector  devices. 

The  above  equation  was  applied  in  the  spreader  and  arc 
section  of  the  machine  during  the  east  arc  commissioning 
tests,  which  were  recently  completed.  The  energy  at  this  point 
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was  130  MeV,  and  the  testing  was  performed  using  pulsed 
beam  operation,  using  the  beam  position  monitors  in  pulsed 
configuration.  The  results  were  very  encouraging,  with  the 
achieved  correction  within  10  percent  of  zero  position  with 
one  application. 

With  the  success  of  the  beamthreading  method,  the 
algorithm  was  expanded  to  use  two  correctors  and  two 
monitors.  This  effectively  corrects  the  slope  and  displacement 
of  the  beam  and  will  result  in  a  beam  with  zero  slope  and  zero 
displacement,  and  is  known  as  an  orbit  lock.  If  one  wishes  to 
maintain  a  given  orbit  in  an  area  of  the  machine,  this  method 
snapshots  the  initial  beam  position  monitor  readings  and 
declares  these  values  as  the  zero  reference  trajectory. 
Subsequent  readings  are  subtracted  from  these  values  to  find 
differences  in  position.  The  equation  of  the  lock  is  of  the 
form: 


VftAa  -  0cl  ) 
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This  was  employed  in  the  region  after  the  north  linac 
immediately  preceding  the  east  arc  spreader.  The  result 
obtained  were  that  expected  for  this  method,  with  the  orbit 
returning  back  to  the  zero-defined  trajectory  after  execution  of 
the  lock  program.  The  program  was  made  to  execute  when 
the  orbit  measured  exceeded  a  set  tolerance,  which  allowed 
the  orbit  downstream  of  the  lock  to  remain  stable  regardless  of 
the  upstream  orbit  This  lock  is  desirable  when  one  performs 
dispersion  measurements  in  the  spreader  region  while  altering 
a  parameter  in  the  injector  or  linac,  to  maintain  a  constant 
trajectory  preceding  the  spreader  dipole. 

The  next  natural  extension  of  the  above  is  to  expand  to 
many  correctors  and  many  monitors.  For  N  correctors  and  N 
monitors,  the  equation  takes  the  form  of  a  square  matrix  as 
above  with  N  equations  which  can  be  solved  directly.  For 
some  cases  occurring  in  the  CEBAF  arcs,  there  are  more 
correctors  than  monitors.  This  results  in  an  underdetermined 
equation  system,  which  can  be  solved  using  singular-value 
decomposition.  These  correction  methods  have  been  coded 
but  have  not  been  tested  with  actual  beam. 

Other  correction  methods  have  been  implemented,  such 
as  the  Micado  method  (most-effective  corrector),  beam 
bumps,  least  squares  correction  of  several  correctors  and 
several  monitors,  and  entrance  angle  and  displacement 
adjustment  for  multi-pass  linac  operation.  These  methods, 
however,  have  not  yet  been  beam-tested. 

To  assist  in  the  debugging  of  orbit  correction  methods,  as 
well  as  other  computer-assisted  optics  adjustments,  a 
simulation  reflecting  the  CEBAF  lattice  has  been 
developed^].  This  simulation  operates  similarly  to  the  OLE 
code,  reading  real-time  magnetic  strengths  and  RF  parameters 
and  computing  a  central  trajectory  orbit,  with  this  orbit 
replacing  the  beam  position  monitor  readings  in  the  real 
machine.  The  orbit  correction  codes  operate  on  the  machine 
as  designed  and  the  simulation  reacts  to  the  corrections  as 


would  real  accelerated  beam.  Therefore,  the  codes  can  be 
thoroughly  debugged  and  tested  for  proper  operation  before 
being  put  into  service. 
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Abstract 

The  control,  monitoring  and  diagnostic  requirements  of 
power  supply  systems  determine  the  required  functionality  (or 
transactions)  and  response  of  the  interface  protocol.  Advances 
in  technology  allow  increased  functionality  of  front  end  control 
equipment  and  therefore  relatively  sophisticated  interfaces  are 
required.  The  protocols  to  be  used  must  be  capable  of 
supporting  functionality  upgrades.  The  command  response 
type  protocols  standardized  on  earlier  are  no  longer  adequate. 
This  paper  describes  the  interface  protocol  to  be  used  between 
the  SSC  Corrector  and  ‘DC’  magnet  power  supplies  and  their 
respective  controllers.  Factors  affecting  protocol  definition  and 
constraints  placed  by  cost  and  availability  considerations  are 
described  as  well  as  an  implementation  strategy. 

I.  INTRODUCTION 

Magnet  power  supply  control  requirements  for  the  SSC 
Global  Accelerator  Control  System  (GACS)  are  determined  by 
many  factors.  The  SSC  Global  Accelerator  Control  System 
must  support  the  operation  of  the  10  hz  cycling  LINAC  and 
the  Low  Eneigy  Booster  (LEB)  on  the  one  hand,  while  at  the 
same  time  it  must  be  capable  of  supporting  the  20  hour  flat-top 
operation  of  the  collider.  Special  requirements  are  additionally 
imposed  by  the  large  number  of  devices  involved,  the  large 
distances  spanned  and  by  the  demanding  availability  require¬ 
ments  placed  on  the  collider. 

The  SSC  GACS  interfaces  to  sub-system’  controls  for 
major  systems  such  as  the  RF  and  Cryo.  The  interface  to  the 
magnet  power  supply  controls  is  at  the  sub-system  level  for  the 
Ring  magnet  and  the  Kicker  magnet  power  supply  systems, 
while  for  the  ‘DC’,  the  Pulsed  and  the  Corrector  magnet 
systems[l]  it  is  at  the  equipment  interface  level. 

Figure  1  is  a  representation  of  the  generic  GACS  equip¬ 
ment  level  interface  to  magnet  power  supply  systems.  The 


Figure  1:  Power  Supply  Controls  Block  Diagram 
boundary  between  the  GACS  and  the  magnet  power  supply 
system  is  the  link  between  the  power  supply  (equipment) 
controller  and  the  power  supply.  The  GACS  interfaces  to 
processots  at  the  VME  crate  level  called  Input  Output  control- 

Ope  rated  by  the  Uaivcnitke  Reeeenb  Association  ,  lac.,  for  the  U.S.  Department  of 
Eaeigy  Bader  Contract  No.  DE-AC02-89ER40486. 


lers  or  lOCs.  The  IOCs  talk  to  VME  crate  based  power  supply 
controllers  which  are  connected  to  power  supply  interfaces  by 
fibre  optic  links.  The  power  supply  interfaces  hide  power 
supply  particulars  such  as  type  (bulk  or  power  converter), 
reference  resolution  and  output  current  level,  from  the  control¬ 
ler.  Configurations  can  differ  from  that  shown  in  figure  1. 
For  example  each  of  the  LINAC  ‘DC’  power  supplies  will  be 
independent  There  will  be  no  shared  bulk  power  supply. 

In  the  above  controls  architecture  the  interfaces  between  the 
GACS,  the  Crate  IOC,  the  power  supply  controller  and  the 
power  supply  all  need  to  be  defined  (the  power  supply  to 
magnet  interconnect  is  defined  elsewhere).  The  earlier  choice 
of  EPICS  as  the  controls  software  platform  for  the  SSC  GACS 
defines  primary  interaction  of  the  GACS  with  the  Crate  IOC. 
The  physical  interface  between  the  IOC  and  the  power  supply 
controller  is  the  VME  crate  backplane.  The  data  transfer 
protocols  between  the  IOC  and  the  equipment  (in  this  case 
power  supply)  controller  level  affects  GACS  characteristics 
such  as  process  synchronization  and  are  to  be  defined  else¬ 
where.  An  instance  of  this  interface  is  to  be  described  for  the 
LINAC  ‘DC’  power  supply  controllers  in  reference  [2].  This 
paper  discusses  the  equipment  control  protocol  between  the 
power  supply  controller  and  the  power  supply  for  the  SSC 
Corrector,  Pulsed  and  ‘DC’  Magnet  power  supplies. 

A.  Requirements 

Design  goals  are  to  reduce  the  number  of  controllers  types 
and  to  use  common  protocol  format  across  Machines  and 
power  supply  types.  The  control  protocols  chosen  must  be 
capable  of  supporting  as  subset  the  collected  requirements  of 
the  Corrector,  Pulsed  and  ‘DC’  power  supply  controls. 

Details  of  protocol  such  as  command  and  data  formate  for 
the  various  power  supply  types  depend  on  the  required 
functionality  (control,  monitoring  and  diagnostic)  for  each  of 
these  types  and  are  described  elsewhere,  for  example[3]. 

The  GACS  interfaces  to  the  power  supplies  through  three 
control  levels.  The  protocol  must  allow  the  use  of  power 
supply  interfaces  that  do  not  require  local  intelligence,  reducing 
the  software  and  maintenance  support  required. 

The  protocol  must  support  timely  delivery  of  command  & 
data  and  the  synchronization  of  actions  across  the  site.  For  the 
LEB  correctors  a  reference  update  rate  of  10  khz  with  a 
delivery  accuracy  of  ±  2  /*S  is  required. 

The  protocol  must  allow  expansion  to  include  foreseen 
requirements  such  as:  the  use  of  special  methods  for  meeting 
the  high  availability  requirements  of  the  SSC  accelerator 
comp!ex[4J,  or  the  expected  use  of  these  controllers  for  other 
applications  requiring  either  set-point  controllers  or  ramp 
generators  synchronized  to  the  machine  cycle,  eg.  the  ramp 
generators  required  for  the  Beam  Loss  Monitor  Bias  supplies 
and  tune  kickers. 
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B.  Choice  of  Protocols 

Various  alternative  protocols  were  explored  including  the 
SSC  Message  Broadcast  system  (MBS)  protocol^].  Advan¬ 
tages  would  have  been  common  hardware  components  and 
reusable  support  software.  However  the  ±  5  pS  message 
granularity  (as  determined  the  1.54  Mhz  T1  carrier  and  the 
MBS  frame  definition)  would  not  meet  the  delivery  accuracy 
requirement.  The  MBS  variable  length  frame  left  open  the 
possibility  of  timing  inaccuracies  exceeding  tolerances  being 
inadvertently  introduced  at  a  later  date. 

A  command  response  type  protocol  is  inappropriate  since 
it  would  require  intelligence  at  the  power  supply  interface  for 
interpreting  received  commands.  A  free  running  protocol,  in 
which  status  information  is  continuously  returned,  was  chosen. 
Requirement  for  delivery  accuracy  was  met  by  specifying  fixed 
frame  size,  with  each  frame  delivering  a  specific  command  or 
reference  data  and  by  specifying  required  link  speed.  Delivery 
requirements  for  other  high  speed  applications  may  be  met  by 
using  higher  speed  links  limited  by  die  minimum  packet  size 
that  can  be  used. 

II.  CONTROLS  INTERFACE  PROTOCOLS 


Functionally  the  interface  can  be  considered  as  a  layered 
system  along  the  lines  of  the  ISO  Open  Systems  Interconnect 
model,  which  consists  of  the  applications,  the  presentation,  the 


Applications  - ^  Applications 


link  Layer  K - *  link  Layer 


I 


Physical  Layer  K - Physical  Layer 


Figure  2:  Power  Supply  Control  Protocol  Layers 

session,  the  transport,  the  network,  the  data  link  and  the  physi¬ 
cal  layer.  The  power  supply  controller  to  power  supply  link 
is  a  point  to  point  link.  The  presentation,  the  session,  the 
transport  and  the  network  layers  can  be  considered  null  since 
corresponding  functionality  requirement  does  not  exist  or  is 
minimal.  Figure  2  is  a  data  flow  diagram  showing  the 
physical  data  paths  and  the  logical  interconnects.  The  func¬ 
tionality  of  each  of  the  layers  (except  the  physical  interface) 
may  be  implemented  in  either  hardware  or  software.  The 
following  sub-sections  discuss  the  functionality  and  implemen¬ 
tation  choices  for  the  each  of  the  layers. 


A.  The  Application  level  protocol 

Protocol  data  flows  for  the  ramped  and  the  set-point 
controllers  are  as  described  below.  Correction  magnets  refer¬ 
ence  (and  optionally  command  information)  is  sent  from  the 
power  supply  controller  to  the  power  supply  interface  every 
100  pS  for  the  LEB  correctors  (1  mS  for  all  other  machines), 
during  normal  operations.  Reference  and  commands  received 
at  the  power  supply  interface  are  loaded  into  predetermined 
registers.  Receipt  of  a  reference  value  triggers  a  series  of 
events  overseen  by  a  hardware  timing  controller  at  the  power 
supply  interface.  The  digital  reference  value  is  converted  and 
sent  as  an  electrically  isolated  analog  reference  to  the  power 
supply.  After  a  predetermined  delay  to  allow  for  settling  times 
of  interface  electronics  the  timing  controller  orchestrates  the 
acquisition  of  analog  readback  parameters  and  status  informa¬ 


Figure  3:  Corrector  PS  Controller  /  Interface  Data  Flow 


tion  from  the  power  supply.  The  acquired  values  are  digitized 
and  then  sent  back  to  the  power  supply  controller  as  shown  in 
figure  3.  Corrector  power  supplies  are  not  necessarily 
switched  off  during  machine  maintenance  and  monitoring  is 
required.  In  the  absence  of  reference  update  stream  for  periods 
exceeding  0.4  seconds,  the  power  supply  interfaces  go  into  a 
second  mode  of  generating  status  information  continuously  at 
a  10  khz  rate  for  the  LEB  (1  khz  for  all  other  machines).  This 
mode  is  also  activated  in  case  of  link  failure. 

The  protocol  for  the  ‘DC*  power  supply  controls  is  similar 
except  that  the  reference  values  are  sent  to  the  power  supply 
infrequently,  usually  at  multiples  of  a  0.1S  interval.  The  status 
information  required  for  monitoring  power  converter  perfor¬ 
mance  is  required  to  be  readback  at  a  1  khz  rate  and  is 
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Figure  4:  ‘DC’  PS  Controller  /  Interface  Data  Flow 

generated  asynchronously  as  shown  in  figure  4. 

The  application  level  protocol  format  consists  of  fixed 
length,  byte  serial  frames  with  a  type  field,  indicating  com¬ 
mand  or  data,  followed  by  one  or  more  data  fields.  Com¬ 
mands  are  identified  by  a  one  in  the  most  significant  bit 
position  and  data  by  a  zero.  The  following  two  bits  identify 
the  power  supply  types.  The  last  five  bits  specify  command 
number.  All  analog  values  are  transferred  as  16  bit  values. 
Bipolar  data  is  sent  as  sign  plus  15  bit  magnitude. 


B.  Link  Level  Protocol 


Link  level  framing  is  asynchronous  8  bit  plus  parity  with 
one  start  bit  and  one  stop  bit  Maximum  intra  frame  byte 
separation  allowed  is  51.2  pS  or  256  bit  periods.  Link  state  is 
initialized  on  time  out  Explicit  link  management  commands 
such  as  link  initialize  have  not  been  specified  in  order  to  keep 
the  link  simple.  For  the  slowest  controller  processor  this  corre¬ 
sponds  to  512  instructions.  This  requirement  is  very  easy  to 
meet  for  the  power  supply  interface  electronics. 


1899 


C.  Physical  interface 

The  physical  interface  between  the  power  supply  controller 
and  the  power  supply  interface  is  a  bi-directional,  bit  serial, 
digital  fibre  optic  link.  The  interface  specification  details 
media  and  optical  signalling  levels  based  on  required  Bit  Error 
Rates  (BER)  as  discussed  later.  A  digital  fibre  optic  link  was 
chosen  for  the  usual  reasons  of  common  mode  isolation  and 
immunity  to  electromagnetic  interference. 

A  Total  Output  Deviation  (TOD){6]  tolerable  for  power 
supplies  is  specified  based  on  machine  operation  requirements. 
A  digital  interface  allowed  us  to  allocate  a  small,  predeter¬ 
mined  part  of  the  TOD  set  by  quantization  error  due  to 
selected  data  word  length  or  resolution  in  the  controller.  The 
rest  of  the  allowable  TOD  is  available  to  the  power  supply 
electronics.  Problems  of  controls  ADC  /  DAC  drift  and  noise 
pickup  are  reduced.  Location  of  error  source  is  easier. 

The  Link  encoding  is  bi  phase  mark.  This  is  a  modifica¬ 
tion  of  the  bi-phase  encoding  used  for  the  Fermilab  machine 
data  transmission  link[7].  The  mark  condition  corresponds  to 
a  fibre  optic  transmitter  LED  off  condition  and  purports  to 
lengthen  the  LED  lifetime.  Encoder  and  decoder  imple¬ 
mentation  requires  very  few  components  and  present  strategy 
is  to  use  popcorn  logic  followed  by  encapsulation  using  Field 
Programmable  Gate  Arrays. 

ffl.  ERROR  DETECTION  AND  CORRECTION 

A.  Link  Level 

At  the  link  level,  an  analysis  was  done  about  the  expected 
number  of  errors  under  normal  operating  conditions  for  the 
‘DC’  and  the  corrector  magnet  power  supply.  Fibre  optic  link 
BER  depends  on  the  optical  loss  budget  and  the  receiver  SNR. 
Using  calculated  BER  of  1  in  10**12,  expected  errors  for  the 
‘DC’  controller  were  about  1  per  300  shifts  -  with  a  shift 
defined  as  a  14  day  running  period.  This  was  considered  low 
and  as  such  explicit  error  detection  and  correction  in  hardware 
was  not  felt  to  be  necessary  and  was  not  planned  to  be  done 
initially. 

The  link  BER  will  be  monitored  on-line  for  link  fibre  optic 
component  characterization  and  for  failure  prediction[4].  This 
is  to  address  the  combined  6.5  day  MTBF  of  the  -24,000  fibre 
optic  link  components  to  be  used  on  site. 

Additional  error  sources  are  power  supply  and  coupled 
noise  in  the  controller  and  the  power  supply  interface,  the 
serial  to  parallel  (  and  vice  versa)  conversion  and  the  encoding 
/  decoding  done  at  each  end  of  the  link.  End-to-end  and  link 
measurements  to  characterize  actual  BER  achieved  are 
therefore  required  to  estimate  actual  errors  expected. 

B.  Application  Level 

At  the  application  level,  effect  of  link  errors  on  power 
supply  operation  need  to  be  considered.  Misinterpretation  of 
Commands  due  to  link  errors  can  cause  unacceptable  down 
time  for  example  by  turning  off  a  power  supply  which  may 
then  require  some  time  for  orderly  turn  on. 

Given  the  calculated  link  error  rates  the  command  format 
encoding  for  all  power  supplies,  interfaces  and  controllers  is 
double  bit  The  likely  hood  of  adjacent  double  bit  errors  is 
expected  to  be  orders  of  magnitude  lower  than  single  bit  errors 
and  need  to  be  characterized. 


The  effects  of  error  on  the  reference  output  values  for  the 
‘DC’  and  the  corrector  magnet  power  supplies  are  some  what 
different  The  DC  power  supply  references  are  sent  infre¬ 
quently  such  as  few  times  per  second.  The  expected  errors  in 
this  is  low  and  can  for  the  time  being  be  neglected.  For  the 
correctors  drastically  different  values  will  be  filtered  out  by 
power  supply  compliance  limitations.  Additional  checking  in 
may  be  imposed,  in  controller  firmware,  to  allow  some 
fractional  change  based  on  past  values.  This  detail  is  yet  to  be 
determined. 

C.  Loose  Packetization 

Error  checking  at  the  application  level  frames  is  intended 
to  be  defined  as  the  method  of  ‘loose  packetization’,  as  an 
extension  of  application  level  framing.  This  would  be  a 
computed  checksum  for  a  group  of  (variable  length)  frames 
bracketed  by  a  start  checksum  frame  command  and  an  end 
checksum  frame  command  with  the  checksum  transmitted  as 
two  bytes  of  data.  These  techniques  are  to  be  developed  and 
will  become  useful  by  the  time  they  are  required  for  collider 
operations. 

IV.  DISCUSSION 

The  choice  of  protocols  is  driven  by  a  number  of  factors 
such  as  the  SSC  Global  controls  architecture  and  machine 
operational  requirements.  Details  of  the  protocol  are  decided 
by  a  tradeoff  between  implementation  cost,  component  and 
resources  availability.  All  of  the  specifications  are  evolving. 
The  first  specification  is  for  a  group  of  about  70  LINAC  ‘DC’ 
power  supplies.  Future  refinements  of  the  design  will  be  based 
on  experience  with  this  set  Presently  encoders  and  decoders 
are  being  designed,  BER  testing  is  being  setup,  and  methods 
to  implement  measurement  of  BER  during  controller  operation 
are  being  looked  into.  Prototype  controllers  are  expected  to  be 
made  by  the  summer. 
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Abstract 

Parametrization  of  the  AmPS  magnets  (dipoles, 
quadrupoles,  sextuples  and  steering  coils)  has  been  performed 
by  precisely  measuring  the  field  integrals  of  each  magnet  type 
as  function  of  the  excitation  current.  In  order  to  guarantee  a 
good  accuracy  of  the  measurements  the  used  Hall  probe  was 
carefully  calibrated.  These  magnet  data  have  been  imported 
into  the  machine-simulation  program  DIMAD  and  a  complete 
refit  has  been  made  for  various  machine  properties  like  the 
achromatic  curved  section,  the  tune,  the  chromaticity,  etc. 
The  algorithms  have  been  implemented  in  the  control  system 
and  were  calibrated  against  the  beam  energy.  From  the  start  of 
the  commissioning  (spring  1992)  the  calculated  settings  and 
the  measurement  results  proved  to  be  in  good  agreement: 
guiding  the  first  beam  through  the  ring  took  only  a  few 
minutes.  Also  the  first  measurements  of  the  betatron  tune  are 
in  agreement  with  the  calculated  value  using  the 
parametrization  of  the  ring  magnets.  Furthermore  local  closed 
orbit  bumps  can  be  generated  in  (he  following  regions:  the 
injection  area,  the  extraction  area,  the  r.f.  cavity  area  and  the 
internal  target  area.  The  performance  of  this  program  also 
indicates  the  magnet  settings  are  correct. 


1.  INTRODUCTION 

The  first  commissioning  of  AmPS  (Amsterdam 
Pulse  Stretcher)  ring  at  NIKHEF  has  been  performed  in  spring 
1992  and  recently  AmPS  delivered  a  1.5  pA  beam  with  a  duty 
factor  of  -30%  for  nuclear  physics  experiments.  The  evolution 
of  its  performance  is  described  in  I'lU]  j|ie  construction  of 
AmPS  has  been  described  elsewhere^.  There  are  32  dipoles, 
68  quadrupoles  and  32  sextupoles,  as  well  as  4  extraction 
sextupoles  and  32  combined  steering  magnets  installed  in 
AmPS.  It  is  built  for  improving  the  duty  factor  of  0.1%  from 
linac  to  -100%  from  the  pulse  stretcher  ring.  For  proper 
computer  control  of  the  power  supplies,  the  parametrization  of 
the  magnets  is  necessary.  The  main  parameters  of  those 
magnets  and  the  measurement  results  of  these  magnets  have 
been  shown  int 4 1 .  However,  the  integral  field  of  the 
quadrupoles  and  sextupoles,  and  the  magnetic  field  as  function 
of  the  excitation  current  were  not  known.  A  few  of  each  type 
of  magnets,  such  as  ring  dipoles,  the  quadrupoles.  the 
sextupoles,  and  the  steering  magnets,  therefore,  have  been 
measured  thoroughly.  The  final  measurement  result  has  been 
implemented  to  the  program  DIMAD^]  to  refit  the  parameters 
of  the  machine  properties  such  as  tune,  chromaticity,  etc. 
Parametrization,  which  was  based  on  the  measurement  results 
from  those  magnets,  was  calculated  in  order  to  provide  enough 
information  for  a  central  computer  control  of  AmPS.  The 
successful  start  of  the  commissioning  proved  that  a  good 


parametrization  steered  the  beam  through  the  ring  with  some 

ease. 


II.  MEASUREMENT  PREPARATION. 

The  tools  which  were  available  for  measurement  were 
a  DTM-141  Hall  probe  (Group  3  Technology)  and  a  precise 
position  x-y-z  measurement  setup.  In  order  to  obtain  a  high 
accuracy,  the  following  calibration  were  made. 

The  accuracy  of  the  Hall  probe  for  the  magnetic  field 
was  ctilibratcd  by  an  NMR  in  the  magnetic  field  region  of  0.3 
-1.0T. 

The  temperature  dependence  of  the  Hall  probe  has 
been  measured  with  a  Tektronix-thermoineter.  The 
temperature-dependent  coefficient  is  1 .77*  HU*'  T  /°C. 

This  Hall  probe  was  used  to  measure  the  quadrupole 
field  along  the  axial  direction  in  order  to  obtain  its  integral 
field.  The  position  of  the  Hall  probe  was  read  out  within  an 
accuracy  of  0.01  mm  with  the  x-y-z  measurement  setup.  In 
order  to  improve  the  accuracy  of  the  integral  field  of  the 
multipoles  die  sensitive  center  of  the  Hall  probe  was  calibrated 
with  tire  x-y-z  setup.  By  rotating  the  Hall  probe  180°  in  the 
center  of  the  quadrupole  it  turned  out  that  the  sensitive  center 
of  the  Hall  probe  had  a  0.4  mm  offset  with  its  mechanical 
center.  With  the  correction  of  this  offset  the  measurement 
result  gave  a  better  result  for  the  quadrupole  and  Hie  sextupole. 


III.  PARAMETRIZATION  OF  THE  MAGNETS. 

Measurement  results  for  the  ring  dipoles!4)  indicated 
that  there  is  deviation  of  the  integral  field  JBdl  between  the  32 
dipoles  (which  is  about  ±0.3%).  Since  they  will  be  connected 
to  one  power  supply,  the  parametrization  has  to  take  into 
account  of  this  fact.  A  few  dipoles  were  measured  and  a  mean 
value  of  their  integral  field  has  been  taken  for  the 
parametrization.  In  the  mean  time  an  NMR  probe  was  used  to 
calibrate  the  central  magnetic  field.  The  integral  field  is  not  the 
linear  function  of  die  excitation  current  and  a  slight  saturation 
occurs  when  a  high  excitation  current  is  applied  were  observed 
for  ring  dipoles.  Therefore,  a  polynomial  fitting  program  was 
used  to  obtain  the  coefficients  of  the  dipole  integral  field. 
The  dipole  field  as  function  of  the  excitation  current  as  well  ;ls 
the  beam  energy  is  implemented  in  the  control  system.  There 
is  an  additional  dipole  located  outside  the  ring  and  an  NMR 
probe  is  installed  in  the  gap  of  the  dipole  to  track  the 
performance  of  the  32  ring  dipoles. 

There  are  three  types  of  quadrupoles.  which  have 
aperture  diameters  of  7 1  mm.  95mm  and  144  mm  respectively. 
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There  is  one  type  of  sextupole  installed  in  the  ring  and  its 
aperture  diameter  is  80  mm.  One  of  each  magnet  type  has 
been  measured  for  die  integral  field.  Every  quadrupole  and 
sextupole  has  been  measured  by  rotating  coils  and  die  results 
indicated  that  the  higher-order  components  in  the  quadrupole 
are  less  than  0.1%  for  radii  up  to  0.8r  and  1%  for 
sextupolest4].  The  integral  field  was  therefore  measured  in  the 
0.6r  region  in  order  to  obtain  the  relative  high  accuracy.  The 
optical  strengths  (Kq/S)  of  die  quadrupoles  and  sextupoles  are 
converted  to  the  excitation  current  as  function  of  the  beam 
energy. 

The  measurement  results  of  the  multipoles  show  that 
the  effective  length  of  the  magnets  with  respect  to  their  design 
value  is  somewhat  different,  see  table  1 : 

Table  1:  The  effective  length  of  the  magnets,  where  Q  is 
quadrupole  and  S  is  sextupole.  The  number  is  the  diameter. 
First  column  is  the  design  value  and  the  second  column  is  the 
measuretnent  result. 


Lde.[mml 

Emeafimnl 

Q71 

210 

213 

095 

290 

296 

0144 

290 

323 

S80 

150 

142 

The  beam  energy  was  calibrated  by  an  analytic 
bending  magnet  with  the  aid  of  a  secondary  emission  monitor 
in  the  tune-up  line  at  the  end  of  the  linac,  which  gives  an 
accuracy  of  the  beam  energy  of  0. 1  %. 

The  measurement  results  were  imported  into  the 
program  DIMAD^l  to  refit  the  required  optical  properties  of 
AmPS,  such  as  achromatic  transform  in  the  curved  section, 
tune  and  chromaticity.  The  new  parameters  of  the  magnets  are 
used  as  the  input  for  the  control  system. 

With  this  effort  when  the  commissioning  started  at 
spring  of  1992,  it  only  took  a  lew  minutes  to  guide  the  first 
beam  through  die  ring.  Measurement  of  the  machine  betatron 
tune  yields  vx  =  n.38  and  Vy  =  n.2l  which  is  in  a  good 
agreement  with  the  design  value. 

There  are  32  pairs  of  steering  magnets  in  AmPS  for 
orbit  correction  purpose.  Their  integral  field  has  also  been 
measured  in  both  the  vertical  and  the  horizontal  direction.  The 
excitadon  current  is  as  function  of  bodi  the  bending  angle  and 
the  beam  energy.  This  is  implemented  in  (he  control  system 
as  well. 


IV.  PARAMETRI7.ATION  OF  MACHINE  PROPERTIES. 

In  order  to  be  able  to  adjust  the  machine  parameters 
promptly,  chromaticity  adjustment  and  tune  adjustment  arc 
also  implemented  in  the  control  system.  I'wo  quadrupole 
families  are  chosen  for  die  tune  adjustment,  and  two  sextupole 
families  are  chosen  for  the  chromaticity  adjustment.  A 
precalculated  table  is  implemented  in  a  graphic  setup  to  make 
it  user  friendly.  An  example  of  this  setup  is  shown  below. 


Besides  the  program  for  tune  and  chromaticity 
control,  local  bump  programs  lor  the  injection  area  ,  the 
extraction  area,  RF  cavity  area  and  the  internal  target  area  are 
implemented  also.  There  are  four  pairs  of  steering  magnets 
chosen  in  each  concerned  region.  According  to  the  request 
from  the  user,  such  as  an  angle  or  a  displacement  in  the  local 
area,  the  prognun  will  calculate  die  required  current  for  each 
steering  magnets  as  function  of  the  beam  energy,  and  then  it 
will  be  executed.  With  this  facility  one  can  easily  adjust  the 
closed  orbit  at  the  injection  or  extraction  area  with  one’s 
interest  or  fit  the  request  from  the  ring  condition. 


V.  CONCH  ISION. 


The  commissioning  experience  in  the  past  period 
proved  that  the  careful  parametri/ntion  of  die  ring  magnets  and 
the  machine  properties  are  worth  to  do  and  it  provides 
convenient  tools  for  adjusting  ring  parameters  as  well  as 
helping  to  understand  the  performance  of  the  operation  during 
the  commissioning  period. 
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Global  Voltage  Control  for  the  LEP  RF  System 
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Abstract 

The  LEP  RF  system  is  installed  as  independent  16  cavity 
units.  In  addition  to  the  eight  copper  cavity  units  originally 
installed  12  units  with  super-conducting  cavities  are  being 
added  for  the  LEP200  energy  upgrade.  The  total  RF  voltage 
determines  the  synchrotron  tune  (Qs)  and  must  be  controlled 
precisely  during  energy  ramping.  Local  function  generators  in 
each  of  the  RF  units  are  pre-loaded  such  that  when  triggered 
simultaneously  by  ramp  timing  events  transmitted  over  the 
general  timing  system  the  total  voltage  varies  to  give  the  Qs 
function  required.  A  disadvantage  is  that  loss  of  RF  in  a  unit 
at  any  time  after  the  loading  process  cannot  be  corrected.  As 
the  number  of  RF  units  increases  automatic  control  of  the 
total  RF  voltage  and  its  distribution  around  LEP  becomes 
desirable.  A  global  voltage  control  system,  based  on  a  central 
VME  controller,  has  recently  been  installed.  It  has  direct  and 
rapid  access  to  the  RF  units  over  the  LEP  time  division 
multiplexing  system.  Initial  tests  on  operation  and 
performance  at  fixed  energy  and  during  energy  ramping  are 
described,  as  well  as  the  implementation  of  a  Qs  loop  in 
which  Qs  can  be  set  directly  using  on-line  synchrotron 
frequency  measurements. 

I.  Introduction 

The  RF  system  of  LEP  is  made  up  of  individual  RF  units. 
For  the  first  phase  of  LEP  and  operation  up  to  50  GeV  128 
room  temperature  coupled  cavity  assemblies  have  been 
installed  in  the  form  of  eight  individual  RF  units.  Each  unit 
consists  of  16  cavities  and  two  1  MW  klystron  power  sources, 
high  voltage  power  supply,  low  level  and  digital  controls.  For 
the  LEP200  upgrade  to  energies  approaching  90  GeV  a  further 
192  super-conducting  (SC)  cavities  will  be  installed.  These 
will  be  arranged  as  an  additional  12  RF  units  using  as  far  as 
possible  the  same  type  of  infra-structure,  but  with  one 
klystron  per  unit,  making  a  total  of  20  RF  units. 
Furthermore  for  high  beam  intensities  the  SC  cavity  units 
may  be  equipped  with  two  klystrons  per  unit,  each  driving  a 
group  of  eight  cavities,  each  group  thereby  operating 
independently. 

The  method  originally  envisaged  for  control  of  the  total 
RF  voltage  was  based  simply  on  the  individual  control  of  the 
voltage  of  each  unit  [1].  For  energy  ramping  the  total  RF 
voltage  must  increase  according  to  a  pre-determ ined  function 
such  that  the  synchrotron  tune  Qs  is  maintained  throughout 
the  ramp.  To  achieve  this  each  RF  unit  was  equipped  with  its 
own  RF  voltage  function  generator.  These  are  pre-loaded  with 
calculated  values  prior  to  the  ramp  and  triggered 
simultaneously  by  ramp  events  transmitted  over  the  LEP 
general  machine  timing  (GMT)  system.  This  system  works 


satisfactorily  provided  that  all  units  continue  to  contribute  the 
expected  voltages  during  the  ramp.  It  cannot  cope  with 
unexpected  changes  in  the  state  of  individual  RF  units  due  to 
interlock  trips.  Some  form  of  overall  and  automatic  control  of 
RF  voltage  is  clearly  desirable  and  becomes  increasingly 
important  with  the  large  number  of  RF  units  for  LEP200. 

A  software  global  voltage  control  system  running  on  a 
central  workstation  was  implemented  last  year.  This  was  used 
successfully  to  maintain  fixed  voltage  (at  injection  or  at  top 
energy)  but  could  not  be  made  fast  enough  for  ramping.  The 
limitation  was  due  to  the  time  required  to  get  commands  and 
status  information  to  and  from  the  equipment  inside  the  RF 
units.  Access  from  PCR  to  the  main  'Data  Manager'  (DM) 
which  controls  the  RF  unit  over  the  Ethernet  connection  used 
for  remote  control  takes  around  50  ms.  Access  from  the  DM 
to  the  'Equipment  Controller'  (EC)  [2]  which  interfaces  the 
equipment  of  the  low  level  RF  of  the  unit  (one  of  23  such 
ECs)  over  IEEE  bus  takes  a  further  50  ms.  These  times  can 
not  be  predicted  exactly  and  can  be  considerably  increased 
depending  on  network  activity  and  on  IEEE  bus  activity  inside 
the  RF  unit. 

Ideally  the  performance  of  the  overall  system  should  be 
limited  only  by  the  response  of  the  RF  voltage  control  loop 
inside  the  RF  unit.  This  loop  has  been  designed  such  that  the 
RF  voltage  can  be  ramped  at  a  rate  of  5%  of  maximum  per 
second,  this  being  at  least  an  order  of  magnitude  greater  than 
that  required  during  energy  ramping.  If  the  RF  voltage  is  to  be 
maintained  to  a  precision  of  0.1  %  then  the  system  must  be 
capable  of  acting  on  each  unit  at  least  every  20  ms.  Guaranteed 
access  times  can  be  obtained  only  by  dedicated  connections.  In 
LEP  the  most  economical  way  of  implementing  these  is  over 
the  time  domain  multiplexing  (TDM)  system.  It  connects  all 
the  interaction  points  (IPs)  of  LEP  and  the  control  room  via 
fibre  optic  links  and  is  the  backbone  for  the  Ethernet  and 
Token  Ring  networks  and  timing  systems.  Commercial 
equipment  exists  to  multiplex  various  types  of  analogue  and 
digital  signals  over  TDM  systems.  The  transmission  and 
reception  of  analogue  signals  directly  to  a  hardware  based 
central  controller  v/ould  provide  fast  overall  response  but 
would  lack  flexibility.  The  use  of  a  computer  based  central 
controller  and  the  transfer  of  data  over  the  TDM  to  the  RF 
units  can  provide  more  than  adequate  speed  for  this  and  also 
the  possibility  of  directly  transferring  additional  low  level  RF 
system  information  useful  for  global  voltage  control,  such  as 
loop  states  and  RF  phase  settings. 

A  global  RF  voltage  control  system  making  use  of  the 
TDM  system  in  this  way  has  recently  been  installed.  The 
system  hardware  and  software  is  described  and  the  results  of  an 
initial  test  made  at  the  end  of  1992  presented. 
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n.  The  Global  voltage  control  System 

A.  System  configuration 

A  block  diagram  is  shown  in  Figure  1.  The  central 
controller  is  situated  in  the  Prevessin  control  room  (PCR). 
TDM  channels  at  2  MBit/s  have  been  allocated  for  each  of  the 
points  of  LEP  where  RF  is  already  installed  (IPs  2  and  6)  or 
will  be  installed  (IPs  4  and  8).  Serial  line  multiplexers  at  the 
end  of  each  TDM  link  provide  individual  connection  between 
the  central  controller  and  the  RF  units  at  each  point.  In  the 
PCR  connection  is  by  sets  of  RS232  lines,  one  for  each  unit. 
In  the  underground  klystron  gallery  where  the  distances  are  up 
to  500  metres  the  connection  to  the  remote  RF  units  is  by 
RS485  differential  transmission. 


for  example  the  analogue  signal  representing  the  synchrotron 
motion  of  the  beam  from  tunnel  equipment  to  the  PCR. 

D.  RF  unit  interface 

The  serial  RS485  line  is  connected  to  the  low  level  EC  of 
the  RF  unit.  This  EC  contains  the  interfaces  which  allow  the 
setting  of  RF  voltage  and  phase,  the  reading  of  the  detector 
sum  of  all  cavity  voltages  and  the  state  of  the  voltage  control 
loop.  The  global  voltage  control  system  can  set  values  and 
read  information  in  the  same  way  as  the  DM  over  the  GPIB 
but  this  must  be  independent  of  all  other  processes  and  with 
higher  priority.  The  RF  voltage  is  set  to  the  value  required  by 
a  linear  software  ramp  at  a  pre-determined  rate.  The  existing 
EC  software  is  however  based  on  single  task  operation  with  a 
single  interrupt  level  and  the  condition  of  absolute  priority 


Point  2  Point  6 

RF  Units  RF  Units 


Figure  1.  RF  Global  voltage  control  system  -  overall  layout. 


B.  Central  controller 

The  central  controller  is  a  VME  crate  containing  a  68030 
based  CPU  module.  An  intelligent  10  module  carries  the 
multiple  serial  IO  controllers  for  communication  with  the  RF 
units.  The  OS/9  operating  system  is  used  and  the  global 
voltage  control  is  implemented  as  a  'C  language  program 
which  continuously  monitors  all  the  RF  units  and  sets  RF 
voltages  depending  on  equipment  states  and  the  desired  modes 
of  operation. 

C.  Multiplexing  equipment 

The  CCITT  G703  standard  is  used  for  the  TDM  equipment 
of  LEP.  Multiplexing  equipment  in  the  form  of  crates 
allowing  a  range  of  up  to  16  interfaces  of  different  types,  each 
using  32  kBit  of  the  2  Mbit  per  channel,  was  obtained  from 
industry.  The  global  voltage  system  uses  serial  interfaces  of 
RS232  and  RS485  types  but  other  interfaces  allowing  the 
transmission  of  analogue  signals  are  used  on  spare  channels. 


was  difficult  to  implement.  For  this  as  well  as  other  reasons 
the  Low  Level  equipment  controller  has  been  fitted  with  a 
68000  type  processor  module  and  VME  to  G64  converter  such 
that  interrupt  driven  multi-tasking  software  can  be  used.  This 
was  not  completed  in  time  for  the  initial  test  described  later 
but  will  be  installed  for  the  final  operational  system  this  year. 

III.  Operation 

The  system  can  be  considered  to  have  different  modes  of 
operation  depending  on  the  reference  used  for  the  total  voltage. 
In  addition  the  distribution  of  voltage  on  the  various  units  is 
determined  by  requirements  of  RF  symmetry  around  the 
machine. 

A.  Modes  of  operation 

•  Fixed  RF  voltage  -  The  reference  is  a  value  fixed  by 
software.  This  mode  is  applicable  to  injection  and  coast. 
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•  RF  voltage  ramp  -  For  energy  ramping  the  RF 
voltages  corresponding  to  each  of  the  individual  energy 
ramp  vectors  are  loaded  into  a  table  in  the  central 
controller.  The  reference  voltage  during  the  ramp  is 
derived  from  the  table  using  a  vector  interval  counter 
triggered  by  the  events  ot  the  GMT. 

•  Qs  loop  -  Readings  of  synchrotron  frequency  (fj)  can 
be  derived  from  acquisition  and  processing  of  the 
synchrotron  frequency  spectrum  from  a  phase  detector 
which  compares  RF  and  bunch  signals.  If  Qs  is  specified 
as  reference,  either  fixed  or  varying  according  to  the  ramp, 
the  loop  can  adjust  RF  voltages  to  maintain  the  required 
value.  This  requires  rapid,  accurate  and  reliable 
measurements  of  fs. 

B.  RF  voltage  distribution 

The  voltages  which  can  be  provided  by  the  various  units 
are  not  identical.  The  SC  units  produce  more  voltage  than  the 
copper  cavity  units,  for  the  SC  units  the  voltages  may  not  all 
be  the  same  and  during  operation  certain  units  may  be  down  or 
unable  to  provide  their  nominal  voltage.  The  distribution  of 
the  RF  voltages  making  up  the  total  has  to  be  arranged 
according  to  the  voltages  available  and  to  the  degree  of 
symmetry  required.  The  RF  'current  data  set,'  (CDS)  a  table 
containing  information  on  RF  unit  states  and  voltage  limits, 
is  kept  up  to  date  during  operation.  When  this  is  changed  the 
updated  table  is  sent  to  the  central  controller.  Symmetry 
conditions  can  be  specified  by  the  operator  and  the  system  will 
maintain  these  as  long  as  the  available  voltage  at  each  point  or 
individual  unit  permits.  The  following  conditions  are  allowed 
for: 


•  Asymmetrical  -  All  units  maintained  at  the  same 
fraction  of  their  individual  maximum  voltage.  This  allows 
ramping  to  maximum  voltage  with  all  units  reaching 
maximum  at  the  same  time,  without  symmetry 
considerations 

•  IP  symmetry  -  Equal  voltages  from  RF  on  either  side  of 
the  IP,  all  units  at  each  side  having  the  same  fraction  of 
their  maximum. 


Figure  2.  A  relatively  slow  rate  of  RF  ramp  was  set  in  the 
low  level  equipment. 
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Figure  2.  Switch  on  of  system  with  seven  RF  units  followed 
by  switch  on  of  new  RF  unit 

Over  long  term  operation,  however,  and  during  ramping, 
occasional  delays  in  communication  over  the  serial  channels 
hampered  operation.  This  was  caused  by  interference  with 
other  activities  at  the  level  of  the  low  level  ECs.  This  should 
be  resolved  by  the  improvements  previously  described.  The 
tests  showed  the  feasibility  of  the  Qs  loop.  Response  was 
slow,  however,  due  to  the  time  taken  to  make  accurate 
measurements  with  the  spectum  analyzer.  A  more  rapid 
synchrotron  frequency  detector  using  FFT  methods  is  in 
preparation. 


V  Conclusions 

A  global  RF  voltage  system  capable  of  meeting  the 
requirements  of  LEP  operation  has  been  installed  and  initial 
tests  carried  out.  Some  modifications  to  resolve  problems 
discovered  during  these  tests  are  being  carried  out  and  further 
tests  will  be  done  soon  with  the  aim  of  having  the  system 
fully  operational  during  1993. 


•  Symmetrical  -  Equal  voltages  at  opposite  interaction 
points.  This  can  be  with  or  without  IP  symmetry. 
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IV  Initial  Test  with  beam 

A  first  test  with  beam  was  carried  out  on  the  RF  global 
voltage  control  system  just  before  the  start  of  the  LEP  annual 
shutdown  in  November  1992.  Switching  the  system  on  with 
seven  RF  units  running  brought  the  voltage  to  the  set  fixed 
voltage  reference  of  50  MV.  Switching  on  of  another  RF  unit 
was  correctly  compensated  by  the  system.  This  is  shown  in 
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Abstract 

Various  components  are  being  designed  to  control  the  RF 
system  of  the  7-GeV  Advanced  Photon  Source  (APS).  The 
associated  control  electronics  (phase  shifters,  amplitude  modu¬ 
lators,  phase  detectors,  automatic  tuning  control,  and  local 
feedback  control)  are  designed  as  modular  cards  with  multiple 
channels  for  ease  of  replacement  as  well  as  for  compact  design. 
Various  specifications  of  the  VXIbus  are  listed  and  the  method 
used  to  simplify  the  design  of  the  control  subsystem  is  shown. 
A  commercial  VXI  interface  board  was  used  to  speed  the  design 
cycle.  Required  manpower  and  actual  task  times  are  included. 
A  discussion  of  the  computer  architecture  and  software  devel¬ 
opment  of  the  device  drivers  which  allowed  computer  control 
from  a  VME  processor  located  in  a  remote  crate  operating  un¬ 
der  the  Experimental  Physics  and  Industrial  Controls  Software 
(EPICS)  program  is  also  presented. 

1.  INTRODUCTION 

RF  field  parameters  must  be  precisely  regulated  in  order  to 
confine  and  accelerate  the  APS  positrons.  Precision  RF  instru¬ 
ments  control  and  monitor  the  RF  field  parameters.  Sophisti¬ 
cated  computer  controls  and  diagnostics  are  necessary  to  sup¬ 
port  remote  supervision  and  operation  of  the  RF 
instrumentation.  A  modular  RF  control  system  has  been  imple¬ 
mented  using  the  architecture  of  the  VMEbus  Extension  for 
Instrumentation  (VXIbus).  Features  include  broadband  back¬ 
plane  analog  interconnections,  precision  timing  signals,  EMI/ 
RFI  compatibility,  standardized  configuration,  and  commu¬ 
nication  protocols.  RF  and  control,  signal  conditioning,  signal 
processing,  and  interface  circuitry  can  be  housed  in  the  same 
module.  Additional  features  include  modular  instrument-on-a- 
card  applications  and  synchronization  of  many  instrument 
channels.  A  VXIbus  backplane  interface  links  the  modules  to 
a  controlling  microprocessor  for  high-speed  signal  acquisition 
and  data  processing  [1]. 

This  paper  describes  the  implementation  of  the  APS  low- 
level  RF  control  system  using  the  VXI  architecture.  It  outlines 
how  control  system  development  was  done  with  minimum  staf¬ 
fing  and  with  an  off-the-shelf  VXI  interface  module.  Advan¬ 
tages  of  the  VXI  architecture  are  increased  equipment  density, 
eliminated  cabling,  and  simplified  system  integration. 

Using  a  register-based  VXIbus  interface,  we  can  divide  the 
function  of  a  "complete  instrument”  into  a  number  of  VXIbus 
modules  such  as  signal  acquisition,  signal  processing,  and  con¬ 
trol  functions.  Processing  capabilities  can  thus  be  remote  from 
the  acquired  data  This  is  then  a  shared-resource  environment 

♦Work  supported  by  the  U.S.  Department  of  Energy,  Office  of  Basic 
Sciences,  under  contract  W-31-109-ENG-38. 


in  which  one  or  more  processors  do  all  the  processing  for  the 
entire  system  [2j. 

The  interface  module  uses  most  of  the  VXIbus  features,  in¬ 
cluding  module  self-test  functions,  module  slot  identification, 
failed-module  inhibit  capability,  and  the  dynamic  configura¬ 
tion  on  of  a  module’s  base  address. 

H.  DESCRIPTION 

The  Bruel  &  Kjaer  Type  3154  VXI  User  Module  is  a  single¬ 
slot,  C-size,  Extended  Register  Based  device,  with  which  one 
can  design  and  build  a  VXIbus  module  without  designing  a  cus¬ 
tomized  VXIbus  interface.  The  following  features  of  the  B  & 
K  module  were  used  to  design  the  associated  control  electronics 
(phase  shifters,  amplitude  modulators,  phase  detectors,  auto¬ 
matic  tuning  control,  and  local  feedback  control)  with  multiple 
channels: 

•  an  isolating,  low-noise  analog  power  supply 

•  digital  power  supply  lines 

•  3  TTL  trigger  lines 

•  a  10-MHz  clock  line 

•  4  isolated  input/output  16-bit  ports  from  VXIbus  interface 
registers  for  control  purposes  [3]. 

Approximately  one-half  of  a  C-size  VXI  PC  board  is  avail¬ 
able  for  user  circuitry.  This  space  was  used  to  hold  the  RF  mod¬ 
ules,  associated  A/D  and  D/A  converters,  and  timing  and  inter¬ 
face  circuitry.  Power  and  cooling  are  done  by  the  VXI 
mainframe.  See  Figure  1. 


Figure  1.  VXI  Module  block  diagram. 

The  services  of  one  full-time  engineer,  one  full-time 
technician,  one  part-time  draftsman,  and  one  part-time  soft¬ 
ware  engineer  were  used  over  a  period  of  six  months  to  design 
and  build  one  low-level  RF  system  with  four  VXI  modules. 

VXIbus  Interface 

The  register-based  protocol  defines  the  conventional  meth¬ 
od  of  VMEbus  data  transfers  to  address-mapped  configuration 
and  control  registers.  Each  VXIbus  module  contains  a  set  of  32 
I/O  registers  through  which  the  configuration,  control,  and  sig- 
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nal  access  are  made  for  the  module.  Standard  VXIbus  configu¬ 
ration  registers  are  included  in  these  64  bytes.  These  registers 
identify  the  device,  its  address  space,  and  some  status  and  con¬ 
trol  for  the  module.  All  binary,  analog,  and  timing  signals  re¬ 
quired  for  RF  modules  are  represented  as  16-bit  data  registers. 
The  registers  represent  channels  of  analog  control  and  monitor 
signals  which  access  the  RF  electronics. 

The  register-based  VXIbus  interface  is  located  in  every 
VXIbus  module.  It  controls  the  data  cycle,  interrupt  cycle,  and 
backplane  handshaking  with  the  VME  processor  card.  This  in¬ 
terface  contains  the  backplane  buffers,  VXI  configuration  reg¬ 
isters,  and  the  timing  signal  generator.  The  module  has  addi¬ 
tional  VXIbus  features  that  are  not  used  in  the  VMEbus 
environment,  including  module  self-test  functions,  module  slot 
identification,  failed-module  inhibit  capability,  and  the  dynam¬ 
ic  configuration  of  a  module’s  base  address. 

Timing  and  Triggering 

Each  module  contains  a  local  timing  circuit  that  synchro¬ 
nizes  the  operation  of  the  RF  control  electronics.  The  VXIbus 
controller  buffers  external  timing  signals  and  drives  the  back¬ 
plane  ECL  trigger,  TTL  trigger,  and  clock  signals  (ECLTRGn, 
TTLTRGn,  CLK10).  A  local  timing  circuit  on  each  VXI  mod¬ 
ule  uses  the  backplane  signals  to  generate  five  variable-delay, 
variable-width  pulses,  providing  all  timing  triggers  and  win¬ 
dows  to  control  the  RF  electronics  on  the  module.  In  this  man¬ 
ner,  the  timing  signals  on  all  modules  within  an  entire  main¬ 
frame  are  synchronized  to  a  common  gating  signal  within  20  ns 
accuracy  and  jitter. 

Electromagnetic  Compatibility 

Four  areas  of  electromagnetic  compatibility  that  are  cov¬ 
ered  in  the  VXIbus  specification  are  conducted  noise,  far-field 
radiation,  near-field  magnetic  radiation,  and  electric -field  radi¬ 
ation.  Conducted  noise  is  reduced  by  bypass  capacitors  located 
on  all  IC  supply  leads  and  also  close  to  the  backplane  power 
pins.  Far-field  radiation  is  reduced  by  adequate  ground  planes 
on  the  PC  boards,  RF  circuitry  shielding,  and  the  metallic  VXI 
module  enclosure.  Near-field  magnetic  radiation  is  reduced  by 
limiting  the  inductance  paths  of  current  loops.  Additional 
shielding  can  be  inserted  between  modules  by  the  mainframe 
manufacturer.  Electric-field  radiation  is  limited  by  the 
grounded  metallic  module  enclosure. 

in.  COMPUTER-BASED  CONTROL  SYSTEM 

A  computer-based  control  system  has  many  advantages. 
A  well-designed  system  can  reduce  staffing  requirements.  The 
system  can  be  reconfigured  easily  when  hardware  and  software 
modifications  are  made.  Controls  can  be  added  in  piecemeal 
fashion.  Different  computers  located  in  separate  areas  or  build¬ 
ings  can  readily  communicate  through  a  local  area  network. 
Data  can  be  easily  archived  and  made  instantly  accessible  to 
various  workstation  users  simultaneously  [4], 

The  APS  control  system  is  derived  from  the  Experimental 
Physics  and  Industrial  Control  System  (EPICS),  which  was  de¬ 
veloped  by  Los  Alamos  National  Laboratory  and  Argonne  Na¬ 
tional  Laboratory.  EPICS  is  a  software  system  with  which  en¬ 


ables  the  user  to  readily  develop  control  software  in  a  simple 
and  flexible  environment 

The  hardware  for  the  test  system,  shown  in  Figure  2,  con¬ 
sists  of  a  workstation,  a  VME  system,  and  a  VXI  system.  The 
workstation  runs  the  UNIX  operating  system  with  the  X-win- 
dows  graphical  user  interface  (GUI).  The  operator  communi¬ 
cates  with  the  control  system  using  a  Sun  workstation.  The  op¬ 
erator  interface  (OPI)  running  on  the  workstation 
communicates  with  the  VME  system  through  the  Ethernet  local 
area  network  using  the  TCP/IP  protocols.  The  OPI,  based  on 
the  X-windows  GUI,  configures  the  text  and  graphical  repre¬ 
sentation  of  the  data  and  interactive  data  entry  for  the  test  sys¬ 
tem.  The  VME  system  input/output  controller  (IOC)  functions 
as  a  front-end  computer  doing  the  real-time  control,  data  condi¬ 
tioning,  and  data  acquisition.  The  IOC  is  running  on  top  of  the 
Vx Works  real-time  kernel.  The  VXI  system  is  connected  as  a 
subsystem  to  the  VME  system  through  the  MXIbus.  This  con¬ 
figuration  is  essentially  based  on  the  EPICS  system  architecture 
[5]. 
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Figure  2.  VXI  control  system  hardware. 

The  heart  of  an  IOC  is  a  memory-resident  database.  Each 
signal  is  represented  by  a  record.  A  record  contains  several 
fields  that  describe  the  operating  range,  conversion  factor,  scan¬ 
ning  mechanism,  and  different  alarm  trigger  levels.  The  data¬ 
base  is  made  using  the  Database  Configuration  Tool  (DCT)  run¬ 
ning  on  the  workstation.  The  database  is  downloaded  to  the 
VME  system  during  run  time. 

A  primary  EPICS  concept  is  that  each  hardware-specific 
routine,  such  as  the  device  driver,  is  isolated  from  the  IOC  core 
software  by  a  record  and  device  support  layer  (see  Figure  2). 
The  database  of  the  IOC  core  communicates  with  the  hardware 
via  the  record  and  device  support  layer  and  the  hardware’s  de¬ 
vice  driver  [6].  A  device  driver  is  needed  for  each  new  piece 
of  hardware. 

The  VXI  instrument  prototypes  can  be  classified  into  two 
categories:  analog  input  record  and  analog  output  record.  The 
block  diagram  of  the  device  support  and  device  driver  routines 
is  shown  in  Figure  3.  Two  device  support  entry  tables  (DSET) 
are  shown  in  the  block  diagram,  one  for  the  analog  input  record 
and  one  for  the  analog  output  record.  The  main  difference  be¬ 
tween  them  is  the  DSET  of  the  analog  input  record  has  the 
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‘read_ai’  entry  but  the  analog  output  record  has  the  *write_ao’ 
entry.  The  items  in  the  entry  tables  are  predefined  in  EPICS. 


Support  Module 


Figure  3.  Device  Support  Layer. 

The  ‘read_ai’  routine  for  the  analog  record  fust  calls  the 
device  driver  ‘read_register’  routine  to  get  the  raw  value,  then 
converts  the  raw  value  into  proper  form  according  to  the  corre¬ 
sponding  record  conversion  setting  defined  in  the  database. 
The  value  is  returned  in  the  proper  form  and  raises  an  alarm  if 
an  error  is  reported  by  the  ‘read_register’  routine  of  the  device 
driver.  The  ‘write_ao’  routine  reverses  the  process  of  the 
‘read_ai’  routine.  It  converts  the  value  passed  by  the  record  into 
the  hardware  data  format  according  to  the  corresponding  record 
conversion  setting,  calls  the  write_register  routine,  and  passes 
along  the  data,  and  raises  an  alarm  if  an  error  occurs. 

Device  Driver  Implementation 

Our  prototype  VXI  instrumentations  are  based  on  the  Bruel 
&  Kjaer  Type  3154  User  Module  as  the  VXIbus  interface.  Each 
module  has  the  same  set  of  isolated  input/output  16-bit  ports; 
therefore,  only  a  single  device  driver  is  needed.  The  device 
driver  has  three  routines — for  hardware  initialization,  read  op¬ 
erations,  and  write  operations. 

During  system  power-up,  the  EPICS  VXI  resource  manag¬ 
er  initializes  all  the  standard  VXI  tests,  such  as  module  self-test, 
module  slot  identification,  dynamic  configuration  of  a  mod¬ 
ule’s  base  address,  and  inhibiting  failed  modules.  The  initial¬ 
ization  routines  of  the  device  driver  first  calls  the  resource  man¬ 
ager  to  obtain  the  base  address  of  the  module  specified  by  the 
signal  assignment  in  the  database  and  then  calculates  the  ad¬ 


dress  of  the  corresponding  register.  If  this  is  an  input  operation, 
the  initialization  routine  sets  up  the  associated  ports  for  a  strobe 
operation  by  setting  the  corresponding  bit  of  the  Strobed/Trans¬ 
parent  Configuration  Register  in  the  User  Module.  Finally,  the 
routine  reports  any  errors  to  the  calling  routine. 

For  read  and  write  operations  the  routines  are  fairly 
straightforward.  The  read  routine  peeks  the  associated  register 
and  returns  the  value  to  the  calling  routine.  Similarly,  the  write 
routine  pokes  the  associated  register  with  the  value  passed  by 
the  calling  routine. 
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Abstract 

We  propose  a  method  here  which  allows  the  measure¬ 
ment  of  the  cavity  resonance  frequency  in  a  frequency 
range  up  to  ±5  kHz  from  the  operating  frequency.  This  is 
achieved  by  phase  modulation  of  the  incident  signal  with 
noise  to  drive  the  cavity  with  a  broad  band  spectrum.  The 
cavity  resonance  frequency  can  then  be  determined  from 
the  response  signal  of  the  field  probe,  which  has  a  narrow 
frequency  spectrum  due  to  the  high  loaded  Q  of  the  cavity 
of  6.6  x  106,  corresponding  to  a  cavity  bandwidth  of  125 
Hz. 

Introduction 

The  cavity  tuning  algorithms  as  presently  implemented 
in  the  CEBAF  RF  control  system  rely  on  the  accuracy 
of  the  detuning  angle  measurements.  It  is  measured  as 
the  phase  difference  between  the  incident  and  transmitted 
RF  power  and  due  to  hardware  limitations  not  accurate 
at  low-power  levels,  i.e.,  if  the  cavity  is  detuned  by  several 
bandwidths  or  at  very  low  gradients.  Phase  offsets  are 
changing  as  functions  of  temperature  and  power  level  or 
replacement  of  control  modules.  In  many  instances  cavi¬ 
ties  need  to  be  tuned  manually  after  accelerator  shutdown. 
In  this  study,  we  propose  a  method  to  measure  the  cav¬ 
ity  resonance  freqency  by  driving  the  cavity  with  a  noise 
spectrum.  This  is  achieved  by  modulating  the  phase  of  the 
incident  signal  with  a  band-limited  pseudo-random  signal. 
The  cavity  resonance  frequency  can  then  be  determined 
from  the  response  signal  of  the  field  probe,  which  has  a 
narrow  frequency  spectrum  due  to  the  high  loaded  Q  of 
the  cavity  of  6.6  x  106,  corresponding  to  a  cavity  band¬ 
width  of  125  Hz.  The  presently  used  hardware  allows  the 
measurement  of  the  cavity  frequency  in  a  range  up  to  ±5 
kHz  from  the  operating  frequency. 

Layout  of  the  Scheme 

The  principle  of  the  scheme  is  shown  in  Fig.  1.  A  signal 
V\(<)  =  |Vi|e-,u,ot  from  the  master  oscillator  (A)  is  sent 
to  a  vector  modulator  (B),  where  Vi  (<)  is  modulated  by  a 
pseudo  random  signal  x(t)  =  The  power  spectrum 

of  x(t)  is  required  to  be  a  positive  constant  for  |/|  <  5  kHz 
and  to  be  zero  outside  this  frequency  region.  The  output 
signal  from  (B)  Vi n(f)  =  V\ (t)x(t)  is  then  sent  to  the  cavity 
(C),  which  excites  the  cavity  at  its  resonance  frequency  fc 
(assuming  |/c  — /0|  <  5  kHz  with  /0  =  w0/2n).  A  sample  of 
the  accelerating  field  Vc(t),  as  the  response  to  the  incident 
signal  Vjn(t),  is  detected  by  the  probe  coupler.  Then  at  the 
vector  demodulator  (D)  the  signal  Vc(t)  is  multiplied  by  a 

‘Supported  by  D.O.E.  contract  #DE-AC05-84ER40150 


Figure  1:  Layout  of  the  cavity  resonance  frequency  mea¬ 
surement  scheme. 

reference  signal  V2 (t)  =  \V2\e'Uot  from  the  master  oscillator 
to  generate  a  baseband  signal  y(t)  =  Vi(t)Vc(t).  Our  task 
is  to  generate  a  bandwidth-limited  signal  x(t)  at  the  vector 
modulator  (B),  and  then  set  a  scheme  to  detect  the  cavity 
resonance  frequency  fc  from  the  signal  y(t)  ouput  from  the 
vector  demodulator  (D). 

Generation  of  a  Bandwidth-Limited  Random  Signal 

First,  a  real  ideal  bandwidth-limited  signal  u(t)  for  0  < 
t  <  T,  whose  power  spectrum  Suu(w)  satisfies 

5uu(w)-\o  M > uh  ’  (1) 

is  generated  using  the  sampling  theorem  [1] : 

u(t)=  ]T  u(nTb)S-^Wb{t  (0  <  t  <  T) 

(2) 

with  7j  =  2 n/u>b-  Here  u„  =  u(nTb)  are  uniformly  dis¬ 
tributed  in  the  range  (—1, 1),  and  n  runs  from  —N\  to 
N2,  with  (7i,r2)  =  {-NiTb,NiTb)  fully  covering  the  time 
range  t  =  (0,  T). 

Let  u  and  v  be  both  ideal  bandwidth-limited  real  pseudo¬ 
random  processes  independently  generated  using  Eq.  (2), 
and  define  a  complex  signal  w(t) 

w(t)  =  u(t)  +  iv(t).  (3) 

It  can  be  shown  that  w(t)  is  an  ideal  bandwidth-limited 
signal.  We  can  write  w(t)  in  terms  of  the  amplitude  and 
the  phase 

w(t)  =  \w(t)  |e^(,).  (4) 
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Numerically  it  turns  out  that  the  signal  formed  from  the 
phase  variation  of  w(t)  only,  namely, 

x(t)  =  e'*(<)  =  u>(f)/Mf)|  (5) 

is  also  a  good  approximation  of  a  bandwidth-limited  signal. 
This  is  shown  in  Fig.  2. 

Response  Signal  from  the  Cavity 

The  analysis  for  the  output  signal  y(f)  of  the  overall 
system  is  given  in  this  section. 

The  pseudo  random  signal  x(t)  is  multiplied  by  the  sig¬ 
nal  Vi(f)  from  the  master  oscillator  at  the  vector  modula¬ 
tor  (B),  producing  an  incident  signal  Vf„(f)  to  the  cavity, 

V»(0  =  V1(t)x(t).  (6) 

The  cavity  (C)  acts  like  a  forced  oscillator  with  character¬ 
istic  resonance  angular  frequency  ue  and  damping  constant 
a.  For  an  input  signal  Vin(f),  the  cavity  probe  will  detect 
a  gradient  14(f)  which  satisfies 

Vc  +  2a  VJ.  +  Wj  Vc  =  AV4>(f)  (7) 

with  A  containing  the  proper  units.  Assuming  14(0)  = 
14(0)  =  0  and  applying  Laplace  transform  to  Eq.  (7),  we 
get 

Vc(t)  =  ^ 

we  JO 

fa  —  f  e~a('t~t  )sinwc(t  -  f')  Vin(t')dt'  (8) 
w«  Jo 

with  w'  =  \Ju\  -  a2.  Here  the  relation  a/ue  =  1/2 Qc  < 
1  is  used  in  Eq.  (8)  (Qc  is  the  effective  quality  value  of  the 
cavity).  The  response  signal  14(f)  from  the  cavity  is  then 
multiplied  by  V4(f)  from  the  master  oscillator  at  the  vector 
demodulator  (D),  which  gives 

yi  =  v2(t)ve(t).  (9) 

Combining  Eqs.  (6),  (8)  and  (9),  we  get 

yi (f)  —  ^(t)  f  e_a(«-«')  sjn  Wc(<  _  t')Vi(t')x{t')  dt'. 
<*>e  Jo 

(10) 

Together  with  Vi(f)  =  |V'i|e-,ta'°t  and  14(f)  =  one 

obtains 

y1(f)  =  a1  f  sin  wc(f — f')ar(f')  dt1.  (11) 

Jo 

Here  ai  =  A|  Vx  V2  |/u>c  is  a  constant.  Denote  u>c  as  the  cav¬ 
ity  resonance  frequency  relative  to  w<>,  uc  =  wc  -  wo,  and 
assume  the  overall  output  signal  y(f)  from  the  vector  de¬ 
modulator  (D)  extracts  from  yi(f)  only  the  part  containing 
the  difference  of  the  frequencies.  It  then  yields 

y(f)  =  a  f  c— <*(*— *')c— *')x(f^)  dt'  (12) 
Jo 


with  constant  a  =  aj/2».  By  taking  the  first  derivative  of 
y(f)  in  Eq.  (12)  with  respect  to  f,  one  can  readily  show 
that 

y(f)  +  (a  +  iu>e)y(t)  =  a  x(f).  (13) 

Given  wc,  and  thus  knowing  Qe,  we  cam  numerically  inte¬ 
grate  Eq.  (13)  to  obtain  y(f)  in  terms  of  i(f)  as  the  simu¬ 
lation  of  the  response  signal  of  the  whole  system. 

Let  the  Fourier  transform  of  the  processes  a:(t)  and  y(f) 
be  X  (u)  and  Y  (u>)  respectively, 


X{u>)  =  r  x(t)e~iut  dt  and  Y(w)  =  [  y(t)e~iui  dt. 

J  —OO  J  —  OO 

(14) 

From  Eq.  (13)  one  gets 


y(w)  = 


aX(u) 

-i(w  -  Qc)  +  a 


(15) 


The  power  spectra  for  the  two  processes  are  related  by 


Syy(u) 


l«l2Sr*M 

(u  -  wc)2  +  a2 


(16) 


Power  Spectrums 

It  shows  below  that  an  estimate  of  the  cavity  resonance 
frequency  can  be  yielded  from  the  proper  averaging  over 
the  power  spectrum  of  the  output  signal  y(f). 

In  real  measurements,  the  signal  lasts  only  for  a  finite 
time  period.  The  Fourier  transform  of  the  process  y(f)  for 
0  <  f  <  T  is  t 

Y(u)=  f  y(f)e (17) 
Jo 

It  can  be  shown  that 

\Y(u)\*  =  fT  e_<WTT(1  "  dr,  (18) 


where  {Ryy(r))T  is  the  finite  time  correlation  function 

1  (  /  y(t)y*(t+  \r\)dt  (r<  0) 

=  T=W\\  V' 

[  J  y*(t)y{t +r)dt  (r  >  0). 

(19) 

Applying  a  convolution  to  the  integral  in  Eq.  (18),  one  has 
1  f sin(w  —  u')T/2\2  .  , 

|v>)f  "  s L T Vt^ym  )  s«(u)du- 

(20) 

Here  it  is  assumed  (Ryy(r))r  K  Ryy(T)’  and  Syy  (u>)  is  the 
power  spectrum 


Syy(w)  =  f°°  Ryy(r)e~iwT  dr 
J  —  OO 


(21) 


with  the  correlation  function  Ryy(r)  obtained  by  averaging 
over  infinite  random  ensembles 


Ryy(r)  —  (R yy(r))t_00.  (22) 
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The  expression  of  |Y(w)|2  in  Eq.  (20)  corresponds  to  view¬ 
ing  the  actual  spectrum  5vy(ui)  through  a  spectral  window 
Wt(«) 


(23) 


which  provides  a  resolution  of  6u  =  2it/T  [2].  Note 
lim  WT(u)  =  6(u). 

T—oo 

The  above  results  can  be  further  generalized  to  view 
Syy  (w)  at  any  resolution  <5w  >  2tr/T  by  setting  a  cut¬ 
off  to  the  correlation  time  range.  Given  Tm  (Tm  <  T), 
the  spectrum  with  resolution  6u  =  2it/Tm  is  obtained  by 
changing  the  integration  range  in  Eq.  (18)  from  (— T,  T)  to 


(Tm 


-I. 


M 


-Tm 

00 


e-^TM(l-^-)(Ryy(r))TdT 


WTM(u>-u')Syy(u')dLj'. 


(24) 

(25) 


Combining  Eq.  (25)  with  Eq.  (16),  one  gets 


[|Y(w)|2]4ui=2ir/TM 


WTm(u  -  u')Sxt(u)')  , 

(w1  -  we)2  +  a2 


(26) 

Note  [|Y(w)|2]  Su=2ir/TM  samples  Sxz(ui)  at  the  frequency 
u  =  uc  with  width  Aw  =  a  and  resolution  6u  =  2-x/Tm  . 

When  the  resolution  6u  of  [|Y(w)|2]  is  comparable  with 
the  bandwidth  Aw,  the  fine  structures  of  5**(w)  in  Eq.  (26) 
are  smoothed  out,  giving  rise  to  a  well-behaved  peak  for 
[|Y(w)|2]  centered  at  w  =  we.  This  can  be  achieved  by 
choosing  Tm  =  1/a.  The  cavity  resonance  frequency  can 
then  determined  by  the  the  frequency  corresponding  to  the 
center  of  the  peak  in  [|Y(w)|2]<w=2]rQ. 


Numerical  Results 


In  the  current  problem  we  intend  to  have  low-pass  fil¬ 
tered  signal  x(t)  =  for  0  <  t  <  10  ms.  The  re¬ 

quired  bandwidth  limit  is  /&  =  5  kHz  (ft  =  wj/2tt)  and 
thus  Tb  =  100  /is.  Two  uniform  random  series  u„  and  vn 
were  generated  for  n  =  (—200,300),  or  t  =  (-20,30)  ms, 
and  x(t)  with  the  time  interval  A t  =  10  ps  is  evaluated 
for  0  <  t  <  10  ms  using  Eqs.  (2),  (3)  and  (5).  Figure  2 
shows  that  x(t)  is  a  very  good  approximation  of  an  ideal 
bandwidth-limited  process.  The  simulation  of  the  cavity 
response  signal  was  obtained  by  numerical  integration  us¬ 
ing  Eq.  (13),  with  given  relative  cavity  resonance  frequency 
fe  =  fc  -  fo-  By  setting  the  cut-off  time  Tm  =  1/a  =  1.4 
ms  in  Eq.  (24)  (for  Qc  =  6.6  x  106),  the  power  spectrum  of 
y(t)  is  obtained  as  shown  in  Fig.  3.  It  shows  that  the 
central  peak  is  well  behaved  and  centered  right  at  the 
given  fc-  The  residual  spectrum  away  from  the  central 
peak  is  caused  by  the  remaining  oscillations  of  the  factor 
Wtm(w-w')  in  Eq.  (26). 

The  above  simulation  shows  that  the  cavity  resonance 
frequency  can  be  revealed  from  the  location  of  the  central 


f  -  fo  (kHz) 


Figure  2:  Power  spectrum  for  the  input  signal  x(t). 


peak  of  the  properly  averaged  power  spectrum  |Y(w)|2  for 
the  output  signal  y(t).  For  the  particular  problem  we  are 
interested  in,  the  cavity  quality  number  Qc  is  high  enough 
that  the  output  signal  y(t)  is  a  sinusoidal  signal  with  vary¬ 
ing  amplitude.  The  frequency  of  Re[y(t)]  or  Im[y(<)]  deter¬ 
mines  the  frequency  offset  from  the  operating  frequency, 
and  the  direction  of  rotation  of  the  vector  y(t)  indicates 
whether  it  is  a  positive  or  negative  frequency  offset.  The 
validity  of  the  scheme  presented  in  this  paper  is  currently 
under  test  by  experiments. 


-I  O  1  4  •  • 


Cb) 


Figure  3:  Power  spectrum  for  the  output  signal  y(t)  for  (a) 
fe  =  2  kHz  and  (b)  fe  =  —1.6  kHz. 
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Abstract 

A  VME  based  data  acquisition  system  has  been  designed 
and  installed  for  use  in  the  new  400  Mev  line  connecting  the 
Linac  and  Booster  at  Fermilab.  Position  information  is 
digitized  at  rates  up  to  S  MHz  during  the  entire  beam  pulse. 
Triggering  can  be  accomplished  by  any  of  several 
mechanisms,  including  beam  synchronized  clock  events, 
Tevatron  clock  events  or  an  external  trigger  based  on  the 
chopper  power  supply  trigger.  Scaling  and  averaging  are  done 
locally.  The  results  are  returned  to  the  ACNET  control  system 
via  the  Token  Ring  network. 

I.  INTRODUCTION 

The  Fermilab  Linac  is  being  upgraded  to  deliver  400  Me V 
beam  to  the  Booster*.  This  requires  a  redesign  of  the  transfer 
line  into  the  Booster.  The  new  transfer  line  will  include  beam 
position  monitors.  This  paper  will  describe  the  hardware  and 
software  included  in  the  data  acquisition  system  for  the  beam 
position  detectors  in  the  400  MeV  transfer  line. 

There  are  a  total  of  26  beam  position  detectors  each  of 
which  have  both  horizontal  and  vertical  pick-ups.  Some  of 
these  are  actually  located  in  the  Booster  and  are  used  in  the 
Booster  BPM  system  as  well. 

The  position  and  intensities  are  digitized  at  a  5MHz  rate 
during  the  beam  pulse.  The  length  of  the  beam  pulse  will  vary 
depending  on  the  number  of  turns  injected  into  (he  Booster.  A 
single  turn  of  Booster  beam  requires  a  2.8  microsecond  pulse. 
Individual  samples  are  available  for  display  as  well  as  the 
average  position,  position  sigma  and  average  intensity  for 
each  beam  pulse. 

Unlike  the  other  beam  position  monitor  systems  at 
Fermilab,  the  scaling  of  the  position  signals  as  well  as 
averaging  is  done  locally  in  the  microprocessor.  Also,  any 
offsets  needed  are  applied  at  the  microprocessor  level. 

n.  HARDWARE 

A.  Overview 

The  digitization  is  accomplished  in  two  VME  crates  each 
of  which  includes  a  processor  board,  system  services 
module^,  memory  board,  Token  Ring^  interface  board, 
universal  clock  decoder  board  and  several  digitzer  boards. 

The  system  services  module  is  a  Fermilab  designed  board 
that  includes  a  bank  of  dot  matrix  displays,  led  displays  and 
switches  for  diagnostic  purposes.  The  switches  are  also  used 
to  set  the  token  ring  address  for  the  crate.  The  SSM  board  has 
a  multi-function  peripheral  chip  which  is  used  to  generate 
interrupts  from  external  signals. 


*  Operated  by  Universities  Research  Association  under 
contract  with  the  U.S.  Department  of  Energy 


The  universal  clock  decoder  is  a  Fermilab  designed  board 
that  decodes  Tevatron  and  Beam  Sync  clock  events.  The  on 
board  state  machine  is  programmed  to  produce  the  proper 
VME  bus  interrupts  in  response  to  clock  events.  Process 
scheduling  interrupts  are  also  provided  by  the  U.CJD.  board. 

B.  Digitization 

The  digitizer  boards  are  the  four  channel,  5  MHz  quick 
digitizer  boards^  designed  at  Fermilab  which  are  now 
commercially  available.  The  position  signals  are  digitized 
with  12  bits  of  resolution  and  several  intensity  signals  are  also 
digitized.  Each  digitizer  board  has  512  Kbytes  of  memory 
available.  Therefore,  64,000  position  or  intensity  samples  can 
be  stored  from  each  detector  before  the  information  is  over¬ 
written.. 


C.  Timing 

The  digitizers  are  gated  on  with  a  pulse  that  is  derived 
from  the  chopper  power  supply  trigger  and  conditioned  by 
intensity.  In  this  way,  the  beam  position  is  monitored  for  the 
entire  length  of  the  beam  pulse  no  matter  how  many  turns  are 
injected  into  the  Booster.  On  the  falling  edge  of  the  gate 
signal,  a  VME  interrupt  is  generated  causing  the  digitized  data 
to  be  read. 

In  the  case  of  the  detectors  surrounding  the  Booster 
injection  point  the  gate  pulse  is  active  during  the  First  turn  in 
Booster.  We  will  also  attempt  to  read  the  position  information 
from  the  detectors  in  the  circulating  beam  for  as  long  as  there 
is  sufficient  200  MHz  structure.  These  detectors  are  digitized 
on  an  additional  channel  with  a  different  gate  pulse.  The 
additional  gate  pulse  is  delayed  by  one  turn  and  the  length  of 
the  gate  is  determined  by  a  timer. 

III.  SOFTWARE 

A.  Microprocessor 

In  addition  to  a  commercial  operating  system,  there  are 
several  pieces  of  code  written  in  house  for  these  systems. 
These  include  Object  Oriented  Communications^,  the 
ACNET^  and  Token  Ring  interfaces,  as  well  as  the  code  that 
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reads  the  digitizers.  Each  of  these  tasks  is  written  in  C  and 
runs  under  control  of  the  operating  system. 


Clock  event 


Figure  2.  Beam  Position  Monitor  Operation 

The  task  that  reads  the  digitizer  boards  is  connected  to  the 
interrupt  generated  by  the  falling  edge  of  the  gate  signal.  The 
purpose  of  this  task  is  to  average  and  scale  the  positions, 
calculate  the  standard  deviation  of  positions,  average  and  scale 
llie  intensities,  and  record  the  date,  time  and  memory  location 


of  the  raw  data. 

A  buffer  including  the  date,  time  and  memory  location  of 
the  position  data  for  the  last  4000  Booster  cycles  is  kept.  This 
allows  detection  of  beam  position  drifts  over  time. 

In  addition,  position  information  is  checked  against 
variable  limits.  If  the  limits  are  exceeded,  alarms  are  sent  to 
the  control  system. 

B.  Application  Program 

The  position  information  is  transmitted  to  the  accelerator 
controls  system  by  way  of  Token  Ring,  and  an  application 
program  will  display  the  information  in  graphical  form  as  well 
as  numerically. 

The  positions  are  displayed  in  map  form  along  with  the 
respective  magnets  to  facilitate  tuning  of  beam  position  along 
the  line  as  well  as  injecting  properly  into  the  Booster. 
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Abstract 

A  VME  based  quench  protection  monitor  system  has  been 
designed  and  installed  at  both  low  beta  locations  in  the 
Tevatron.  Fixed-target  and  collider  mode  operations  have 
been  successful.  One  VME  based  system  protects  all  of  the 
high  current  circuits  in  each  building  rather  than  one  Multibus 
I  system  per  circuit  as  is  the  case  for  other  Tevatron  quench 
protection  monitors.  The  software  has  been  written  in  C  for 
portability  and  flexibility  for  possible  use  with  other  magnet 
systems.  Object  oriented  communications  with  the  ACNET 
control  system  are  made  via  the  Token  Ring  network. 

I.  INTRODUCTION 

When  the  new  low  beta  quadrupoles  were  installed  at  the 
BO  and  DO  straight  sections  of  the  Tevatron1,  the  quench 
protection  system  was  re-designed.  Each  low  beta  insertion 
now  consists  of  five  individual  circuits.  One  of  the  five 
circuits  includes  a  trim  supply  which  requires  that  circuit  be 
treated  as  two  independent  circuits. 

II.  HARDWARE 

The  quench  protection  monitor  hardware  is  comprised  of 
a  standard  VME  crate  with  a  400  watt  power  supply,  a 
Motorola  MVME133a-20  processor  board,  a  Formation 
FV1600  token-ring  interface  board  and  a  four  mega-byte  ram 
board.  In  addition  to  the  purchased  boards,  several  in-house 
designed  boards  are  used.  These  include  three  scaler  boards  a 
control  board  and  a  global  functions  board.  The  entire  crate, 
as  well  as  some  supporting  hardware,  is  powered  by  an 
uninterruptable  power  source  which  can  supply  120  volts  ac  to 
the  system  for  approximately  20  minutes. 

The  hardware  external  to  the  VME  crate  is  the  same 
hardware  that  is  used  for  the  rest  of  the  Tevatron.2  The 
voltage  to  frequency  convertors  were  re-packaged  to  allow 
more  channels  per  crate.  The  heaters  in  two  of  the  circuits 
required  ganging  of  heater  firing  units  in  order  to  supply  the 
required  energy.  External  current  sharing  resistors  had  to  be 
added  to  the  heater  firing  units  in  these  circuits.  Figure  1 
shows  the  quench  protection  monitor  and  how  it  is  connected 
to  the  external  hardware. 

The  three  scaler  boards  are  identical.  They  are  VME 
versions  of  the  scaler  boards  used  in  the  Multibus  I  systems. 
These  boards  have  30  channels  each  as  opposed  to  the  40 
channels  on  a  Multibus  I  scaler  board.  For  the  low  beta 
systems,  30  channels  each  allows  each  scaler  to  be  dedicated 
to  a  specific  type  of  voltage  to  frequency  convertor.  These 
being  the  +/-  10  volt,  the  +/-  200  milli-volt,  and  the  +/-  100 

*  Currently  with  the  S.S.C.L. 

**  Operated  by  the  Universities  Research  Association  under 
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volt  range  voltage  to  frequency  convertors. 

The  control  board  is  a  digital  I/O  board  that  inputs  status 
from  and  sends  qpm  status  to  the  low  beta  power  supplies. 
The  heater  firing  units  are  also  monitored  and  controlled  by 
this  card. 

The  global  functions  card  is  another  digital  I/O  board 
which  monitors  and  controls  external  systems  such  as  the 
refrigeration  system,  the  beam  abort  system,  the  correction 
element  power  supplies  and  the  uninterruptable  power  source. 
The  global  functions  card  supplies  the  VMEbus  interrupts 
which  trigger  the  quench  detection  and  protection  software 
routines.  The  interrupts  are  synchronized  by  a  phase  locked 
loop  which  provides  60  Hz,  360  Hz  and  720  Hz  line-locked 
signals.  The  60  Hz  signal  is  used  to  trigger  the  quench 
detection  software  and  the  360  Hz  or  the  720  Hz  are  jumper 
selectable  to  trigger  the  quench  protection  code  which 
determines  the  levels  output  to  the  external  hardware. 


Figure  1.  Low  Beta  Quench  Protection  System 
III.  SOFTWARE 

The  software  includes  both  a  purchased  operating  system 
and  in-house  code  written  in  the  C  language.  The  actual 
quench  detection  and  protection  software  run  above  the 
operating  system  as  interrupt  service  routines  which  are 
unknown  to  the  operating  system.  The  communications 
software,  Object  Oriented  Communications3,  and  the  interface 
to  ACNET  are  comprised  of  tasks  running  under  the  auspices 
of  the  operating  system. 
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In  order  to  make  the  system  flexible,  the  number  of 
circuits,  quench  detection  units  and  quench  protection  units 
arc  defined  at  compilation  time.  A  quench  detection  unit 
refers  to  the  section  of  the  circuit  between  voltage  taps  and  a 
quench  protection  unit  is  the  group  of  magnets  whose  heaters 
will  be  fired  if  a  quench  develops  in  any  of  it’s  quench 
detection  units. 

The  actual  algorithm  used  to  determine  if  a  quench  has 
occurred  is  the  same  as  used  in  the  Tevatron  and  Switchyard 
quench  protection  monitors.  A  'relative'  di/dt  value  is 
calculated  based  on  the  assumption  that  the  circuit  is 
superconducting  and  all  voltages  are  inductive.  This  'relative' 
di/dt  value  is  used  to  calculate  the  expected  voltage  for  each 
quench  detection  unit.  The  actual  value  of  the  voltage  is 
compared  to  the  expected  value.  Any  differences  are  assumed 
to  be  caused  by  a  resistance.  If  the  absolute  value  of  the 
voltage  difference  is  greater  than  0.25  volts,  a  quench  is 
detected.  As  an  additional  check,  the  current  is  monitored,  the 
actual  di/dt  is  calculated  and  compared  to  (he  'relative'  di/dt. 
If  these  values  are  not  in  agreement,  the  system  will  not  allow 
the  magnets  to  be  powered. 

The  actions  of  the  system  are  controlled  by  masks  which 
can  easily  be  configured  to  accomplish  the  required  responses. 
Although  there  are  basic  functions  that  cannot  be  masked  out, 
such  as  firing  of  heaters  or  de-energizing  the  circuit  in  the  case 
of  a  quench.  These  masks  are  altered  slightly  depending  on 
die  operational  mode  of  the  Tevatron,  collider  or  fixed  target. 

While  operating,  the  quench  protection  monitor  maintains 
a  circular  buffer  of  all  status,  voltages  and  currents  that  can  be 
accessed  in  the  event  of  a  quench. 

When  the  Tevatron  is  running  in  the  fixed  target  mode, 
the  magnets  are  re-configured  in  the  tunnel.  In  order  to 


facilitate  the  change-over  from  one  mode  to  another,  the 
proper  masks  and  parameters  are  stored  in  files  which  can  be 
downloaded  to  the  quench  protection  monitors.  The  monitors 
default  to  the  collider  mode.  To  account  for  magnets  that  are 
disconnected  in  the  fixed  target  mode,  the  inductance  values 
and  the  power  lead  resistance  values  are  set  to  zero  for  the 
missing  magnets.  In  this  way,  the  monitoring  cables  do  not 
have  to  be  disturbed. 

IV.  OPERATIONAL  EXPERIENCE 

The  low  beta  quench  protection  monitors  have  been 
installed  since  November  of  1990.  The  initial  installation 
consisted  of  all  circuits  at  BO  and  only  one  circuit  at  DO.  The 
fixed  target  physics  run  began  July  16,  1991.  This 
configuration  remained  until  the  end  of  the  fixed  target 
physics  run  in  January  of  1992.  By  the  middle  of  April  1992, 
all  of  the  remaining  circuits  had  been  installed  and  tested. 

These  systems  have  been  running  with  very  little 
downtime  since  the  beginning  cf  the  present  collider  run. 
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Abstract 

The  TRIUMF  Main  Tank  Vacuum  Control  System  was 
upgraded  in  1984.  The  earlier  system,  which  consisted  of  a 
collection  of  hardwired  relay  logic  boxes  housed  in  three 
standard  instrumentation  racks,  was  replaced  with  a  compact 
and  flexible  microprocessor-based  control  system.  The  user 
interface,  previously  distributed  over  the  three  racks,  was 
consolidated  into  a  single  hardwired  control  and  mimic  panel. 
Since  1984,  the  Main  Tank  Vacuum  System  has  undergone  a 
series  of  changes  in  configuration  and  vacuum  pumping 
hardware  with  necessary  changes  being  implemented  in  the 
control  system  logic.  Corresponding  changes  to  the  user  inter¬ 
face  were  sometimes  difficult  to  implement  and  in  time 
exhausted  the  spare  input  /  output  capacity  which  had  been 
built  in  to  the  panel.  The  availability  of  inexpensive  personal 
computers  with  adequate  graphics  capability  and  the  ease  of 
modifying,  or  adding  to  a  programmable  user  interface 
precipitated  the  retirement  of  the  hardwired  panel  and  its 
replacement  by  a  PC-based  graphics  user  interface.  System 
configuration,  safety  considerations,  the  hardware  and  the 
software  implementation  using  the  ‘C’  programming  language 
are  described.  The  evolution  of  the  control  system  and  its 
performance,  both  over  the  years  and  in  adapting  to  the 
vacuum  system  changes,  are  discussed. 

I.  INTRODUCTION 

The  TRIUMF  Main  Tank  Vacuum  System  (MTVS) 
pumps  the  cyclotron  vacuum  tank  from  atmospheric  pressure 
to  an  operating  pressure  of  4*  10"®  torr  [lj.  The  pressure  is 
measured  in  the  range  from  760  to  10'3  torr  by  broad  range 
Pirani  gauges  and  in  the  range  from  10'3  torr  to  104  ton  by 
broad  range  ionization  gauges.  The  pumping  system  is 


Figure  1:  The  TRIUMF  Main  Tank  Vacuum  System 


composed  of  a  number  of  pump  groups,  shown  schematically 
in  figure  1.  Each  group  is  a  sub-system  consisting  of  pumps, 
valves,  vacuum  gauges  and  pump  condition  indications. 
t  Presently  at  SSC  Laboratory,  2550  BecUeymeade  Ave.,  Dallas,  TX.,  75237 . 


The  mechanical  pumps  (MP1-4)  and  Rootes  blowers  (BL1-3) 
reduce  the  pressure  from  atmosphere  to  10  '  torr.  The  turbo 
pumps  (TPN  and  TPS)  further  reduce  the  pressure  to  10'3  ton. 
The  cryogenic  pumping  system,  consisting  of  six  cryo  pumps 
(CPI-6)  and  two  cryo  panels,  brings  about  the  final  reduction 
in  pressure  to  4*10"®  ton. 

The  pumps  operate  efficiently  over  limited  but  overlap¬ 
ping  ranges  of  pressures  and  are  used  in  stages,  to  pump  down 
the  cyclotron  tank  from  atmospheric  pressure.  Inadvertent 
operation  with  out  of  range,  fore  or  backing,  pressures  can 
cause  pump  damage  or  contamination  of  the  vacuum  system. 
Pressure  measurements  are  used  to  monitor  the  operation  of  the 
vacuum  system  and  to  provide  interlock  setpoints  for  the  safe 
operation  of  the  pumps.  Temperature  measurements  are  used 
to  monitor  the  operation  of  the  cryo  systems  and  utilize  RTDs, 
thermocouples  and  hydrogen  bulbs.  Auxiliary  devices  such  as 
the  holding  pump,  the  seal  space  pump  and  the  N2  purge 
system  are  used  to  maintain  backing  vacuum,  to  maintain  tank 
seal  at  low  pressure  and  to  regenerate  the  auxiliary  cryo  pumps 
respectively. 

Prior  to  1984  the  function  of  providing  system  status 
information  and  protective  device  operation  interlocks  for  the 
MTVS  devices  was  implemented  by  in-house  built,  relay-based 
logic  boxes.  Commercial  gauge  controllers  and  readout 
controllers  used  for  pressure  and  temperature  measurements 
usually  provided  a  single  mechanical  set  point  contact  closure 
for  use  in  the  interlock  logic.  All  of  these  boxes  were  distrib¬ 
uted  over  three  standard  relay  racks.  Interlock  logic  was 
determined  in  part  by  the  logic  boxes,  in  part  by  the  point-to- 
point  wiring  of  control  signals  between  boxes  at  the  rear  of  the 
racks  and  in  a  small  number  of  cases  by  an  operator  forming 
a  part  of  the  loop.  Though  only  simple  interlocks  could  be 
implemented  with  the  relay  logic,  verification,  documentation, 
addition  and  change  of  logic  were  cumbersome  processes. 
System  operation  was  through  control  switches  and  status 
indicators  on  the  boxes  spread  over  the  three  racks. 

The  control  system  was  upgraded  in  1984  to  address  the 
limitations  of  the  earlier  system.  A  concurrent  goal  was  to 
produce  a  compact,  generic  vacuum  control  system  design  to 
eliminate  the  need  to  individually  ‘engineer’  controls  for  the 
various  beamlines’  vacuum  systems  at  TRIUMF.  A  relatively 
compact  control  system  would  allow  the  inclusion  in  central¬ 
ized  controls  of  devices  previously  left  with  independent 
manual  controls  and  local  readouts  only,  due  to  limits  in  the 
rack  space  allocated  to  vacuum  system  controls. 

II.  CONTROL  SYSTEM 

The  use  of  a  microprocessor  based  architecture  for 
interlock  controls  and  the  use  of  ‘C’  as  the  programming 
language  for  these  processors  were  both  new  at  TRIUMF  in 
1983,  though  it  has  been  commonly  used  since. 
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Considerations  of  safe  operation  of  a  microprocessor 
based  Main  Tank  Vacuum  Control  System  (MTVCS)  were 
addressed:  by  specifying  the  use  of  hardwired  first  level 
protection  of  all  devices  with  potential  for  major  damage  - 
such  as  the  use  of  differential  pressure  switches  to  interlock  all 
Cyclotron  Tank  gate  valves,  and  by  requiring  the  MTVCS 
microprocessors  to  re-evaluate  MTVS  interlocks  and  regenerate 
all  device  operation  permissives  quicker  than  every  200  mSec. 

Figure  2  is  a  block  diagram  of  the  MTVCS  as  it  stands 
today.  Two  TRIMAC  [2]  8085  based  CAMAC  Auxiliary 
Crate  Controllers  (ACCs)  were  used  for  control  of  the  MTVS 
based  on  an  estimate  of  the  number  of  analog  and  digital 
points  to  be  monitored  and  controlled,  the  update  rate  require¬ 
ments  specified  above  and  expected  system  growth.  The  two 
TRIMACs  were  functionally  partitioned  to  handle  analog  signal 


Figure  2:  Main  Tank  Vacuum  Control  System  Block  Diagram. 


processing  and  to  carry  out  digital  I/O  and  control  operations. 
Communications  between  the  Trimacs  is  via  a  shared  (reflec¬ 
tive)  memory  also  accessible  to  the  TRIUMF  Central  Control 
System  (CCS).  This  allowed  monitoring  of  vacuum  control 
system  and  for  remote  operations  described  later. 

A.  Hardware 


changes,  read  from  a  queue  of  time  tagged  point  status  changes 
or  a  mix  of  these  modes  under  software  control.  These 
facilities  have  many  implications  for  interlock  system  implica¬ 
tion  one  of  which  is  the  use  of  time  tagged  point  status 
information  for  diagnostics  and  trending  in  large  systems. 

Analog  signals  were  interfaced  using  the  Quantrol  ADC 
and  MUX  system  which  can  handle  a  maximum  of  256  analog 
channels  and  can  interface  to  a  range  of  analog  signals  with 
integral  first  line  signal  conditioning.  Signal  conversion  and 
linearization  were  done  in  software.  Together  this  reduced  the 
need  to  use  various  external  boxes  to  interface  and  ‘linearize’ 
the  different  analog  inputs. 

B.  Software 

Prior  to  1984  existing  microprocessor-based  systems  at 
TRIUMF  were  programmed  in  assembly  language.  Migration 
to  higher  level  languages  such  as  FORTRAN  was  being 
explored.  ‘C’  with  its’  rich  set  of  bit  manipulation  primitives 
was  a  natural  choice  for  the  implementation  of  interlock 
control  systems.  The  ‘C’  preprocessor  allowed  specification  of 
interlock  logic  in  an  english  like,  human  readable  form  which 
were  easy  to  understand  and  modify.  The  facility  for  data 
structures  and  pointers  allowed  for  the  generation  of  software 
routines  useable  for  classes  of  devices.  Structures  provide  the 
natural  grouping  of  related  information  while  pointers  associat¬ 
ed  with  these  structures  allow  easy  manipulation  of  these 
related  information  eg.  a  device  analog  pressure  has  associated 
with  it  the  type  of  gauge  used,  linearization  and  data  conver¬ 
sion  information,  physical  location,  set  points  and  associated 
units. 

The  Digital  TRIMAC  program  was  structured  such  that 
by  changing  Camac  configuration  data,  by  generating  English 
language  equivalents  for  device  state  information  (utilizing 
preprocessor  directives)  and  by  using  these  equivalent  state¬ 
ments  in  interlock  logic  speciOcation  the  program  could  be 
easily  ‘ported’  to  control  other  vacuum  systems. 

In  the  Analog  TRIMAC  an  ASCII  file  was  used  to  define 
all  analog  channels  to  be  scanned  by  the  system  and  to  specify 
channel  details  such  as  conversion  factors,  units,  filtering  to  be 
done  on  the  raw  signal.  Changes  to  the  analog  system  required 
only  this  file  to  be  updated.  The  Analog  TRIMAC  program 
was  translated  in  to  FORTRAN  to  deal  with  early  version  ‘C’ 
compiler  problems.  The  natural  device  structuring  possible  in 
‘C’  was  unimplementable  in  the  FORTRAN  version.  Subse¬ 
quent  updates  to  the  Analog  TRIMAC  program  entailed 
changes  to  multiple  tables  and  keeping  track  of  table  data 
relationships. 


Features  which  make  this  system  robust,  compact  and 
flexible,  allowing  generic  application,  are  the  use  of  a  matrix 
scanner  with  opto-isolation  (instead  of  relays)  for  inputs  and 
the  use  of  a  general  purpose  analog  input  system. 

High  density  (large  number  of  I/O  points  per  crate)  was 
achieved  by  using  single  slot  form  factor  Joerger  Quad  (24  bit) 
output  registers  and  GEC  Canada  256  (upgradeable  to  512) 
point  matrix  scanner  for  digital  output  and  input  respectively. 

The  matrix  scanner  is  itself  a  Z-80  microprocessor  based 
module  which  provides  features  useful  for  interlock  control 
systems.  Input  debounce  processing,  logic  sense  and  masking 
are  each  software  selectable  on  a  per  point  basis.  Further  the 
(A)  CC  can  read  instantaneous  point  status,  be  interrupted 
(LAM)  or  polled  (test  LAM)  for  time  tagged  point  status 


III.  USER  INTERFACE 

A  generic  (vacuum)  interlock  control  system  design 
capable  of  supporting  configuration  changes  requires  a  soft  or 
reconfigurable  user  interface.  Intended  implementation  target, 
a  low  cost  ‘Personal  Computer’  (PC),  with  adequate  graphics 
display  resolution,  would  run  tasks  to  receive  system  status 
information  from  the  TRIMAC  ACC,  generate  &  update 
graphics  display  and  send  vacuum  system  control  commands 
merged  from  keyboard  and  mouse  to  the  TRIMAC  ACC  for 
execution. 

In  1983  an  established  PC  meeting  the  above  require¬ 
ments  was  unavailable.  User  acceptance  of  the  soft  user 
interface  concept  was  low. 
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A.  local  Interface 

Initial  user  interface  was  implemented  using  a  conven¬ 
tional  hardwired  mimic  and  control  panel.  The  Main  tank  vac¬ 
uum  system  devices  were  drawn  on  the  panel  with  multiple 
LEDs  used  to  indicate  status  of  the  device.  Push  buttons 
placed  in  proximity  were  used  for  device  control  functions. 
Spare  buttons  and  LEDs  had  been  added  to  the  panel  to  cope 
with  vacuum  system  additions  and  changes.  These  were  able 
to  carry  through  for  a  number  of  years  but  changes  or  addi¬ 
tions  were  usually  difficult  since  to  the  control  system  were 
made  difficult  due  to  the  need  to 

By  1987  the  hardwired  display  had  been  in  service  for  3 
years  and  was  out  of  space  for  additions.  Reliability  was  low 
due  to  mechanical  wear  out  Modifications  were  becoming 
costly.  A  backup  panel  was  estimated  to  cost  $5K  and  at  this 
time  it  was  cheaper  to  implement  a  PC  based  user  interface. 
The  user  interface  was  replaced  in  1988  with  a  ‘soft’  interface 
consisting  of  IBM  PC/XT  with  a  floppy  disk  and  a  EGA 
display.  The  hardwired  panel,  retained  as  backup  only,  was 
removed  in  1989. 

B.  Remote  Operation 

The  MTVCS  was  designed  with  remote  operations 
capability  with  commands  /  status  communications  from  and 
to  the  CCS  via  a  shared  CAMAC  memory.  This  feature  has 
been  used  to  date  only  for  remote  monitoring  of  the  system. 
The  importance  of  this  feature  was  for  addressing  the  design 
goal  of  a  generic  vacuum  control  system  design  capable  of 
addressing  all  vacuum  systems  at  TRIUMF.  In  particular  the 
secondary  channel  controls  require  centralized  vacuum  system 
controls  because  of  shared  pumping  system  but  require 
distributed  operator  controls  or  consoles  at  each  of  the  channel 
operational  areas.  The  remote  vacuum  system  control  com¬ 
mands  were  to  be  tunneled  in  to  the  MTVCS  via  the  CCS. 
This  would  be  useful  in  cases  such  as  secondary  channel 
controls  were  ‘soft’  user  interfaces  at  the  various  counting 
room  locations  could  control  beam  line  vacuum  system  devices 
by  communicating  with  the  CCS  computer  to  send  information 
to  this  control  memory  allowing  independent  control  stations 
for  a  central  vacuum  control  system. 

IV.  IMPLEMENTATION 

The  entire  system  was  implemented  in  1.2  years  elapsed 
time  with  4  man-years  of  effort.  This  included  1  man  year 
spent  in  verifying  existing  system  and  making  bridge  connec¬ 
tors  to  allow  upgrading  of  system  with  minimum  disruption  of 
operation.  Software  effort  totaled  about  6  man-months  equally 
divided  among  software  design,  development  and  coding. 

There  were  initial  teething  problems  with  the  early  ‘C’ 
compilers  available.  The  situation  improved  in  time,  with  the 
availability  of  stable  and  relatively  complete  implementations 
of  the  ‘C’  language  cross-compilers  for  the  Intel  8085  proces¬ 
sor  running  under  DOS  on  an  IBM  PC. 

V.  SYSTEM  UPGRADES 

Initially  the  Main  Tank  Vacuum  System  utilized  5 
diffusion  pumps  along  with  associated  liquid  nitrogen  (LN2) 
cold  traps  to  maintain  operating  vacuum.  The  diffusion  pumps 
and  LN2  traps  were  replaced  one  at  a  time  by  cryo  pumps,  an 


additional  turbo  pump  was  added  and  the  Roughing  system 
pumping  configuration  was  changed  in  a  series  of  upgrades. 

Hardware  and  Software  changes  to  the  control  system 
associated  with  the  above  upgrades  required  on  average  1-2 
man-months  of  effort  spread  over  3  months  of  which  the 
software  component  was  typically  15-20  man  days.  The 
system  has  proven  very  flexible.  Minor  additions  and  changes 
are  made  routinely  and  easily. 

The  Soft  user  interface  initially  programmed  in  BASIC 
was  later  converted  to  ‘C’. 

VI.  CONCLUSION 

We  started  out  with  the  goal  of  providing  a  flexible  and 
compact  control  system.  The  MTVCS  has  been  able  to  provide 
an  interlock  and  control  system  for  256  input  and  182  output 
points  for  a  cost  of  about  $27000,  including  additional  cabling 
costs  required  because  the  vacuum  system  was  being  upgraded. 
It  has  worked  well  since  1984  and  has  been  able  to  adapt  to  a 
changing  system  with  relative  ease  and  with  little  additional 
expenditure.  The  Rad  Hard  valve  controls  and  the  Extraction 
Probes  housing  vacuum  controls  for  beamline  1  and  beamline 
4  were  incorporated  using  two  TRIMACs  and  a  few  I/O 
modules  housed  in  the  same  CAMAC  crate.  In  1991  control 
programs  for  the  Rad  Hard  valves  and  the  Extraction  Probes 
were  transferred  to  the  MTVCS  digital  TRIMAC.  The  current 
system  utilizes  one  and  a  half  racks  including  space  for  some 
gauge  controllers.  In  the  nine  years  of  operation  the  system 
has  proven  highly  reliable. 
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Abstract 

Power  stabilization  of  the  lasers,  used  in  the  TRIUMF 
optically  pumped  polarized  ion  source  prior  to  1991,  was 
crucial  to  maintaining  the  laser  wavelength  and  hence  nuclear 
polarization.  Output  power  of  the  dye  lasers  was  dependent  on 
a  number  of  variables,  including  the  relative  drift  between  the 
transmission  peaks  of  the  birefringent  filter  and  the  etalon  used 
to  tune  each  dye  laser.  The  power  control  system  used  a 
program  running  in  a  CAMAC  crate  based  PC/AT  to  control 
the  birefringent  filter.  Heuristic  algorithms  implemented  to 
control  power  and  their  performance  in  the  steady  state  and  the 
wavelength  shifting  modes  are  described. 

I.  INTRODUCTION 

The  current  system  used  at  TRIUMF  for  optically 
pumping  the  polarized  H-  ion  source  is  different  However  the 
stabilization  of  laser  power  in  the  previous  system  represented 
a  challenging  class  of  problems  with  parallels  in  many  other 
areas  and  is  of  general  interest.  This  paper  describes  the 
implementation  of  heuristic  algorithms  for  control  of  processes 
which  are  badly  characterized,  for  which  there  are  many 
unknowns  and  which  fell  in  to  the  category  that  cannot  be 
easily  formulated  as  a  classical  controls  problem.  This 
implementation  shows  that  heuristic  methods  can  provide 
solutions  to  such  problems  even  in  the  presence  of  extremes 
of  noise. 

Three  tuneable  CW  dye  lasers  pumped  by  Argon  lasers 
were  used  (until  early  1991)  to  optically  pump  sodium  vapor 
cells  in  the  TRIUMF  Optically  pumped  polarized  H'  ion  source 
and  has  been  described  in  reference^, 2].  A  fourth  CW  dye 
laser  was  used  as  a  probe  to  measure  the  sodium  polarization. 
The  laser  system  was  used  in  two  modes.  For  final  ion  source 
polarization  in  either  the  spin  up  or  the  spin  down  state  the 
lasers  were  all  operated  at  a  single  frequency.  When  the  ion 
source  was  operated  in  a  spin  flipping  mode  the  lasers  were 
operated  in  a  wavelength  shifting  mode  with  the  operating 
frequency  of  the  lasers  tuned  to  the  absorption  bands  of  the 
sodium  vapor  in  the  hot  cells.  To  maintain  stable  polarization 
die  frequency  and  the  power  of  the  laser  system  must  be  main¬ 
tained  within  required  tolerances[3].  The  lasing  frequency  is 
determined  by  factors  such  as  the  combined  transmission 
characteristics  of  the  solid  etalon  and  the  bi-refringent  filter, 
the  laser  system  gain  and  the  pump  laser  power.  Although  the 
bi-refringent  filter  is  used  to  control  power,  it  is  loosely 
coupled  to  the  output  frequency,  until  it  is  tuned  to  adjacent 
etalon  transmission  peaks  -  and  causes  the  laser  to  mode  hop. 

The  goal  of  the  laser  power  stabilization  program  is  to 
maximize  and  maintain  dye  laser  power  for  the  single  frequen¬ 
cy  laser  operation,  to  maintain  constant  power  ratio  for  two 
frequencies  in  the  wavelength  shifting  mode  of  operation,  and 
’Previously  K  TRIUMF,  4004  Wesbrook  Mill,  Vancouver,  BC,  Canada. 
Work  performed  1989  •  1990. 


to  prevent  mode  hopping  in  both  the  single  frequency  and 
wavelength  shifting  modes  of  operation. 

n.  SYSTEM  CHARACTERISTICS 

The  task  of  stabilizing  the  power  of  the  dye  lasers  was 
made  difficult  for  a  number  of  reasons.  The  laser  output 
power  changes  randomly  due  to  thermal  drifts  caused  by 
convection  currents  within  the  laser  housing,  by  bubbles  in  the 
dye  jet,  by  jet  pressure  and  shape  fluctuations  and  by  Argon 
pump  laser  power  and  incident  angle  changes.  The  dye  laser 
output  is  noisy.  Dye  breakdown  with  operation  adds  to  the 
laser  noise  which  at  times  is  greater  than  50%  of  peak  ampli¬ 
tude. 

The  problem  was  further  complicated  by  implementation 
details  of  the  bi-refringent  filter  controls.  There  was  no  optical 
encoder  to  provide  position  readback  on  the  bi-refringent  filter 
motor  drives  due  to  space  limitations  within  the  laser  housing, 
there  was  backlash  on  the  spring  loaded  motor  drive  which 
also  had  different  loading  for  travel  in  the  forward  and  the 
reverse  direction. 

To  further  complicate  matters  change  in  the  controlled 
variable  (output  power)  depended  on  the  relative  position  of 
the  bi-refringent  filter  and  the  etalon.  Neither  of  these  positions 
were  measurable  even  relatively  in  this  system.  The  output 
power  versus  frequency  envelope  shape  changed  with  time  and 
between  the  edges  of  adjustment  favoring  particular  modes  the 
system  simultaneously  Iased  at  two  frequency  bands  -  (Al¬ 
though  the  output  power  was  not  changed  markedly). 

Initially  an  attempt  was  made  by  others  to  implement 
degenerate  power  stabilization  in  an  analog  circuit  along  with 
closed  loop  frequency  control  implemented  using  feedback 
from  a  spectrometer  which  gave  the  laser  frequency  reading 
accurate  to  1  Ghz.  This  was  abandoned  when  it  was  found 
difficult  to  cope  with  drive  backlash  and  to  keep  track  of  laser 
power  changes.  An  attempt  was  made  to  cast  the  process  as 
a  classical  controls  problem  with  the  intention  of  implementing 
it  on  the  14  laser  control  Micro-VAX  processor  -  since 
maximization  of  laser  power  was  thought  to  be  a  slow  and 
simple  process.  This  was  abandoned  as  some  of  the  system 
complications  mentioned  above  became  apparent. 

ID.  ALGORITHMS 

The  laser  power  stabilization  processes  used  modified 
versions  of  the  hill  climbing  algorithm  to  cope  with  laser  noise 
and  drift  and  for  the  two  modes  of  operation. 

A.  Hill  Climbing  Algorithm 

In  a  simple  hill  climbing  algorithm  (figure  1)  the  operat¬ 
ing  point  is  stepped  in  a  given  direction  and  the  power  change 
6p  determines  direction  of  motion  in  the  succeeding  step:  if  6p 
<  0  the  direction  is  reversed,  else  direction  of  motion  is  un¬ 
changed.  The  system  is  stepped  continuously  and  oscillates 
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about  the  maximum  with  os¬ 
cillation  amplitude  dependent 
on  step  size  and  measurement 
threshold.  The  first  refinement 
to  this  algorithm  is  to  remem¬ 
ber  the  maximum  value  and 
deactivate  when  the  maximum 
Figure  1:  Ideal  Power  versus  has  been  reached  and  to  acti- 
frequency  characteristics.  vate  only  when  the  power 

drops  below  the  maximum 
power  by  a  predetermined 
minimum  amount.  This  works 
for  the  ideal  amplitude  versus  position  relationship  shown  in 
figure  1. 

In  reality  the  power  v/s  frequency  envelope  shape  is  quite 
different  Figure  2  shows  the  power  v/s  frequency  character¬ 
istics  for  one  of  the  dye  lasers  as  measured  by  keeping  the 
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Figure  2:Real  Power  versus  Frequency  envelope 


etalon  constant  and  stepping  the  bi-refringent  filter  500  steps 
in  one  direction  and  then  back  500  steps.  This  characteristics 
varied  from  laser  to  laser  and  for  the  same  laser  with  time  and 
as  the  operating  point  changed. 

B.  Single  Frequency  mode 

The  modification  required  to  the  hill  climbing  algorithm 
for  the  single  frequency  mode  of  operation  was  to  account  for 
the  apparent  ‘hill  shape  changes’  caused  by  laser  drifts  and  by 
laser  noise.  Noise  affects  the  peak  finding  process.  After  a 
direction  reversal  and  retraverse  of  the  peak  a  simple  algorithm 
is  confused  by  either  falsely  reaching  the  peak  value  too 
quickly  or  in  not  reaching  the  peak  at  all.  The  solution  in  this 
case  was  to  traverse  the  peak  more  than  two  times,  if  the 
maximum  value  for  the  last  traverse  was  off  by  more  than  a 
given  percentage,  from  the  previous  traverse.  If  after  three 
traverses  power  was  different  from  last  activation  and  if  after 
this  peak  power  matched  on  two  successive  traverses,  then  the 
peak  power  was  updated  to  the  new  value,  as  also  the  activa¬ 
tion  threshold  which  is  a  percentage  of  the  peak  power. 

C.  Wavelength  Shifting  Mode 

There  were  two  categories  of  operation  for  the  wave¬ 
length  shifting  mode  -  slow  for  shifts  at  a  maximum  of  once 
per  minute  and  fast  at  a  100  hz.  The  slow  mode  of  operation 
was  implemented  fust  since  it  was  easier  to  implement  etalon 
controls  for  slow  frequency  shifting.  However,  this  was  the 
most  difficult  task  for  power  stabilization  process  since  it  was 


not  possible  to  distinguish  between  bi-refringent  filter  drift  and 
laser  power  changes  while  sitting  at  one  of  the  two  operating 
frequencies.  This  is  addressed  by  using  partial  correction  at 
each  state. 

Operation  in  the  wavelength  shifting  mode  is  different 
from  the  single  frequency  mode,  since  the  algorithm  is  required 
to  maintain  the  bi-refringent  filter  transmission  slope  (not  peak) 
on  the  operating  frequencies.  Power  is  expected  to  increase  or 
decrease  as  a  function  of  direction.  Taking  a  step  in  the  wrong 
direction  increases  error  and  the  time  to  recover  from  this 
condition.  Since  operation  time  at  each  frequency  is  limited 
one  has  to  maximize  the  time  at  the  optimum  power  level  or 
maintain  correct  power  ratio  between  the  two  operating  states 
as  setup.  Two  modes  of  operation  in  the  wavelength  shifting 
mode  was  allowed.  Based  on  initial  selection  the  program 
either  equalizes  the  power  in  the  two  states,  or  tries  to  maintain 
the  power  ratio  from  start  of  run. 

Ideally  the  laser  output  power  is  expected  to  increase  or 
decreases  monotonically  as  a  function  of  birefringent  filter 
position  due  to  its  transmission  characteristics.  Had  this  been 
the  case,  at  any  operating  point  the  direction  of  bi-refringent 
filter  motion  for  increasing  or  decreasing  power  would  be 
fixed.  The  ‘direction-map’  for  the  bi-refringent  filter  move¬ 
ment  for  increasing  power  was  not  expected  to  be  constant 
over  the  range  of  operation  due  to  the  large  number  of 
variables  determining  the  output  power  at  any  given  setting  and 
the  drift  in  these  parameters.  An  algorithm  was  used  to 
dynamically  build  and  alter  the  ‘direction-map’  at  any  given 
operating  point  It  had  built  in  hysteresis  against  noise  in 
that  a  change  in  direction  would  be  recognized  only  after  a 
selectable  number  of  consecutive  direction  errors. 

IV.  IMPLEMENTATION 

The  14  laser  control  system  has  been  described  in 
reference  [4].  The  laser  power  is  sensed  using  photo  diodes 
and  is  digitized  using  a  32  channel  auto-ranging  ADC  with 
rudimentary  signal  filtering.  The  software  was  implemented 
for  the  three  pump  plus  one  probe  laser  as  a  single  tasking 
program  run  on  an  IBM  PC/AT.  The  laser  power  read  task 
was  implemented  as  an  independent  DOS  terminate  and  stay 
resident  task  triggered  off  the  system  clock  to  allow  timed 
sampling.  Raw  power  data  was  filtered  to  remove  high 
frequency  noise  initially  using  a  straight  averaging  filter  and 
later  with  a  finite  impulse  response  filter.  Low  frequency 
noise  along  with  short  term  laser  power  drift  could  not  be 
filtered. 

The  program  was  implemented  over  a  period  of  about  1 
year  and  was  approximately  6600  lines  of  ‘C’  code.  This  could 
have  been  reduced  by  about  30%  but  would  have  required 
additional  effort  and  made  the  maintainability  of  the  program 
more  difficult. 

V.  RESULTS 

The  program  performed  better  than  initial  requirements 
for  the  single  frequency  mode  of  operation.  The  program  first 
maximized  the  power  -  with  sizeable  increases  in  power 
frequently  seen  over  that  achieved  by  manual  tuning  -  and  then 
maintained  power  at  the  maximum  possible  for  a  given  pump 
laser  power.  The  program  was  able  to  keep  the  output  power 
at  maximum  with  pump  power  variations  of  greater  than  25% 
seen  for  periods  exceeding  two  to  three  days  (figure  3)  as 
against  a  requirement  for  stable  operation  of  eight  hours. 
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Figure  4:  Power  Stabilization  in  the  Wavelength  Shifting  Mode  -  Laser  with  Average  Noise 
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Figure  5:  Power  Stabilization  in  Wavelength  Shifting  Mode  -  Laser  with  ex  tree  in  noise. 


In  the  wavelength  shifting  mode  the  performance  is  close 
to  that  requ:  d.  The  laser  power  was  held  within  required 
limits  without  mode  hop  for  the  required  eight  hours  (figure  4) 
except  for  the  most  noisy  laser  where  periods  of  six  to  seven 
hours  were  achieved  (figure  5).  Hysteresis  dead  band  was 
increased  to  reduce  system  activation  but  this  caused  operation 
with  power  divergent  to  the  dead-band  limits.  With  the 
expected  changeover  to  Titanium  sapphire  lasers,  noise  is 
expected  to  be  lower  and  these  programs  or  simpler  versions 
should  be  able  to  meet  or  exceed  requirements  for  operation  in 
the  wavelength  shifting  mode. 

VI.  DISCUSSION 

The  choice  of  slow  spin  flip  operation  to  simplify  the 
frequency  stabilization  process  was  not  optimum  from  the 
system  point  of  view.  The  power  stabilization  process  was 
made  difficult  since  laser  power  variations  and  bi-refringent 
filter  drifts  could  not  be  distinguished  before  a  long  elapsed 
time.  The  solution  generated  was  to  carry  out  a  partial  correc¬ 
tion  at  each  stage  and  then  verify  against  perceived  drifts  for 
the  bi-refringent  filter  and  laser  power  variations  in  the  other 
frequency  state  -  power  variations  cause  similar  changes  in  the 
laser  power  whereas  bi-refringent  filter  causes  complementary 
changes.  For  the  quick  spin-flip  operation  this  is  not  a 
problem,  however  the  correction  algorithm  must  optimize 
straddling  many  frequency  state  changes. 

This  type  of  control  problem  is  ideally  suited  to  software 
implementation  the  control  cycle  is  slow  but  the  algorithm  is 
sufficiently  complex  and  undeterminable  and  has  enough 
variables  such  that  a  hardware  implementation  becomes 
difficult.  The  results  point  out  a  class  of  problems  that  are 
hard  to  analyze  using  classical  controls  theory  but  can  be 
solved  heuristicaily. 

The  lasers  are  not  too  difficult  to  tune  manually  -  the 
question  is  where  is  the  pitfall  in  translation  to  an  automated 
system?  First  the  perception  that  manual  tuning  is  easy  needs 
to  be  verified.  Performance  of  manual  tuning  needs  to  be 
logged  over  a  period  of  time  to  allow  comparison  against  the 
performance  of  an  algorithm.  One  part  of  the  comparison 


exists  and  that  is  for  single  frequency  nude  of  operation  the 
algorithm  was  able  to  better  adjust  for  peak  power  as  evi¬ 
denced  by  the  consistent  increases  in  power  after  a  manual 
maximum  had  been  achieved  :  conclusion  is  that  in  the  case  of 
simple  well  directed  tasks  involving  magnitudes  or  maintaining 
a  parameter  within  tolerance  limits  an  algorithm  based  on 
digital  measurements  performs  better  than  the  human  analog. 
However  where  more  qualitative  information  is  involved  such 
as  evaluating  when  a  mode  hop  is  likely  to  occur  or  what  is 
the  past  history  of  the  laser  system  settings  or  factors  such  as 
the  hill  shape  for  a  particular  laser  and  the  expected  range  of 
tuning  •  the  simple  algorithms  fail  against  manual  tuning 
because  they  do  not  include  the  complexity,  the  adaptiveness, 
and  learning  or  the  capability  to  switch  to  new  algorithms  of 
the  human.  However  the  human  approach  suffers  (usually) 
from  a  lack  of  trace  of  the  procedures  done.  In  translating 
human  operations  to  algorithms  the  bidden  processes  need  to 
be  first  observed,  then  the  important  ones  need  to  be  selected, 
followed  by  translation  and  implementation  as  wrappers  for  the 
simple  (kernel)  control  programs.  Examples  being  the  imple¬ 
mentation  of  the  three  traverse  peak  finding  wrapper  for  noise 
compensation  for  the  hill  climbing  algorithm  and  the  imple¬ 
mentation  of  partial  optimization  to  prevent  against  over 
compensation  in  the  slow  spin-flip  mode  of  operation. 
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Abstract 

The  new  Machine  Protection  System  (MPS)  now 
being  tested  at  SLAC  has  a  beam  control  subsystem 
resident  in  processors  located  close  to  the  beam  monitoring 
devices  within  the  machine.  There  are  two  types  of 
beam  control  micros:  Algorithm  Processors  (AP’s)  which 
collect  and  evaluate  data  from  monitoring  devices,  and 
a  Supervisor  (SUPE)  which  collects  and  evaluates  data 
from  all  the  AP’s.  The  SUPE  also  receives  the  global 
machine  beamcode  indicating  beam  presence,  and  passes 
it  on  to  the  AP’s.  The  SUPE  receives  the  beamcode 
pattern  from  the  Master  Pattern  Generator  (MPG)  via 
a  shared-memory  communication  link.  MIL-1553  serial 
communication  is  used  between  the  SUPE  and  the 
AP’s,  and  between  the  AP’s  and  the  monitoring  devices. 
Multitasking  software  is  used  to  allow  high  priority 
handling  of  data  evaluation  and  low  priority  handling  of 
host/user  interfacing  and  event  reporting.  Pipelining  of 
data  between  acquisition  and  evaluation  and  reporting  is 
used  to  accomodate  the  processing  capacity,  while  still 
supporting  full  processing  at  the  360Hz  broadcast  rate  of 
the  beamcode  pattern. 

1.  MOTIVATION 

The  beam  control  subsystem  of  MPS  does  the  actual 
per-beam  data  acquisition,  data  processing,  and  resultant 
beam  control.  Data  from  beam  monitoring  devices  is 
acquired  on  a  per-beam  basis  and  processed  to  determine 
whether  a  machine-endangering  condition  (fault)  has  been 
detected.  If  a  fault  is  found,  then  the  data  processing 
produces  a  result  which  indicates  the  rate  at  which  the 
beam  may  be  operated  safely  given  the  presence  of  the 
fault.  When  the  fault  is  corrected,  through  steering  or 
some  other  correction,  the  processing  produces  a  result 
which  requests  that  the  beam  operate  at  full  rate  again. 
If  a  fatal  error  internal  to  MPS  occurs,  the  beam  is 
completely  disabled  until  the  fatal  flaw  is  corrected.  The 
full  functionality  is  documented  elsewhere  [1]. 

The  per-beam  data  acquisition  must  be  done  at 
the  same  rate  as  the  beam  frequency,  and  it  must  be 
done  as  soon  as  possible  after  the  beam  has  passed  a 
given  beam  monitoring  device,  in  order  to  acquire  timely 
per-beam  data  such  as  material  temperature  and  radiation 
level.  The  acquired  data  must  be  processed  at  the  same 
frequency  as  well,  in  order  to  respond  immediately  to 
changes  in  per-beam  data.  High  speed  processors  and 
communications  and  a  fast  realtime  operating  system  are 
therefore  required  in  the  beam  control  VME  crates. 

Processor  and  communication  limitations  necessitate 
the  placement  of  several  beam  control  micros  along  the 
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length  of  the  accelerator  machine,  each  acquiring  a  subset 
of  available  per-beam  data.  These  are  called  Algorithm 
Processors  (APs)  because  they  process  acquired  data  by 
passing  it  through  a  logic  machine  called  an  algorithm. 
An  algorithm  is  a  list  of  tests  dictating  the  level  at  which 
the  beam  may  operate  for  each  state  detected  by  the  beam 
monitoring  devices  [2].  Each  AP  produces  a  single  result 
indicating  the  level  at  which  the  beam  may  safely  operate 
in  that  AP’s  region  of  the  machine.  The  results  of  all  the 
APs  are  sent  to  the  SUPE,  a  special  consolidating  AP. 
The  SUPE  processes  the  APs’  results  by  passing  them 
through  a  supervisor-level  algorithm,  producing  a  single 
result  which  is  used  to  control  the  beam. 

A  secondary  function  of  the  beam  control  subsystem  is 
to  keep  the  operators  in  the  main  control  center  apprised 
of  the  machine  status.  Both  APs  and  the  SUPE  report 
periodically  which  beam  monitoring  devices  faulted  and 
what  beam  level  changes  (events)  have  resulted.  These 
reports  are  handled  in  the  main  control  center  VAX  by 
the  MPS  code  located  there. 

2.  HARDWARE  ARCHITECTURE 

The  beam  monitoring  devices  have  always  been 
configured  and  read  through  CAMAC  interfaces  and 
SLAC’s  SLCNET  network.  MPS  adds  an  additional  serial 
MIL-1553B  interface  to  these  same  devices  which  connects 
them  to  their  respective  APs.  The  APs  are  connected  to 
the  SUPE  via  MIL-1553B  also,  and  the  SUPE  is  connected 
to  the  beam  controlling  Master  Pattern  Generator  (MPG) 
via  a  shared  memory  interface. 

The  AP  and  SUPE  hardware  consists  of  a  6-slot 
completely  enclosed  fan-cooled  VME  crate,  each  with  a 
processor  card  and  some  number  of  1553  cards.  The  SUPE 
also  has  a  card  for  the  MPG  interface.  The  processor 
card  is,  currently,  a  Force  CPU-30  68030  with  ethemet. 
The  VME-based  1553  card  is  adapted  from  work  done  at 
Fermilab.  The  SUPE-to-MPG  shared  memory  interface  is 
Bit-3  which  is  commercially  available. 

Both  the  APs  and  the  SUPE  are  connected  to  the 
main  control  center  VAX  by  LEBNET  (Linac  Ethemet 
Backbone  NETwork).  Figure  1  illustrates  the  hardware 
layout. 

3.  SOFTWARE  ARCHITECTURE 

The  beam  control  micros  use  multitasking  to  support 
both  high  frequency  per-beam  processing  together  with 
low  frequency  user  request  interfacing  and  event  reporting. 
Each  of  the  Tasks  on  the  micro  generally  has  a 
corresponding  Manager  on  the  VAX  (3).  The  operating 
system  chosen  for  the  micros  was  pSOS+,  in  part  because 
it  had  the  best  VMS  cross  development  environment. 

All  communication  between  the  micro  MPS  tasks  and 
the  VAX  MPS  managers  is  over  TCP/IP  through  the  new 
Area  Message  Service  (AMS)  which  makes  software  access 
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Figure  1.  Hardware  layout. 

to  the  ethemet  appear  identical  to  the  already  existing 
software  access  to  SLCNET  [4].  The  Slow  Task  also  makes 
direct  NFS  calls  to  acquire  algorithm  description  files  from 
the  VAX.  There  are  two  rules  about  I/O  on  the  micro 
which  dictate  much  of  the  architecture.  Per-beam  code 
may  not  do  time-consuming  ethemet  I/O,  and  high  volume 
small  size  message  traffic  must  not  be  allowed  to  congest 
the  ethemet.  Per-beam  data  acquisition  and  processing 
is  the  highest  priority  task  r*  the  micro,  doing  the  most 
important  job— controlling  t.he  beam.  Only  when  the 
micro  is  waiting  between  beams  may  it  receive  and  answer 
ethemet  requests,  or  ship  events  or  error  reports  on  the 
ethemet.  Congestion  is  avoided  by  enforcing  a  minimum 
time  interval  between  ethernet  sends  in  each  task.  If  a  task 
is  requested  to  send  up  a  new  event  or  error  before  this 
minimum  time  has  elapsed  since  the  last  send,  then  the 
request  is  buffered  up  until  the  time  interval  has  elapsed. 

The  micro  Slow  Task  runs  in  the  micro  constantly  and 
handles  requests  from  the  Slow  Manager  (also  called  the 
MPS  controller)  on  the  VAX,  such  as  downloading  MPS 
algorithms  and  reporting  micro  status.  When  the  Slow 
Manager  requests  MPS  be  made  operational,  the  micro 
Fast  Task  is  started  up  to  do  per-beam  processing. 

The  Fast  Task  spins  off  data  acquisition  I/O  requests 
at  up  to  120  times  per  second,  and  does  data  processing  in 
parallel.  Always  accompanying  the  Fast  Task  is  the  Event 
Task.  Whenever  the  Fast  Task  detects  a  beam  level  change 
result  (an  event)  from  the  data  processing,  the  event  is 
passed  to  the  Event  Task.  The  Event  Task  buffers  the 
event  as  necessary  and  sends  the  event  buffer  to  the  Event 
Manager  on  the  VAX,  where  the  events  are  processed  into 
displays  and  summarizations. 

The  Milcom  Task  waits  for  requests  from  the  Fast 
Task  to  begin  a  data  acquisition  cycle.  Since  the 
configuration  of  the  beam  monitoring  devices  read  by  an 
AP  is  unchanging,  the  data  acquisition  commands  can  be 
prepared  in  advance  and  executed  in  a  timely  way  on  a 
per-beam  basis. 

Any  errors  or  messages  which  the  micro  (Slow,  Fast, 
Event,  or  Milcom  Tasks)  would  like  to  report  directly  to 


the  operators  at  the  main  control  center  are  passed  to  the 
micro  Error  Task.  The  Error  Task  buffers  the  error  as 
necessary  and  sends  the  error  buffer  to  the  Error  Manager 
on  the  VAX.  See  Fig.  2  for  a  task  data  flow  schematic. 

4.  FAST  TASK 

The  Fast  Task  must  complete  a  number  of  functions 
between  each  beam  pulse  that  occurs  on  the  machine.  The 
original  design  assumed  the  worst  case  of  the  beam  coming 
at  360 Hz,  allowing  2.7  ms  between  beam  pulses  for  the  Fast 
Task  to  complete  a  full  processing  of  beam  pulse  data.  It 
was  quickly  recognized  that  2.7  ms  was  not  enough  time  in 
which  to  sequentially  acquire  the  data  and  process  it  and 
report  on  it.  This  was  enough  time  only  if  the  Fast  Task 
were  able  to  start  the  data  acquisition  and  data  processing 
at  the  start  of  the  cycle  and  run  them  in  parallel.  The  Fast 
Task  accomplishes  this  with  a  two-stage  data  pipeline  in 
which  the  data  acquired  in  one  cycle  isn’t  processed  until 
the  next  cycle. 

The  two-stage  data  pipeline  is  further  complicated  by 
the  fact  that  the  APs  and  the  SUPE  also  represent  a  form 
of  pipelining  in  that  the  APs  must  fully  process  their  data 
and  pass  their  results  up  to  the  SUPE  before  the  SUPE 
may  begin  processing  those  results  and  pass  its  own  result 
up  to  the  MPG.  The  flow  of  the  data  must  then  be  as 
follows.  An  AP  starts  a  data  acquisition  cycle  in  cell 
ZERO  of  the  pipeline.  The  AP  starts  the  data  processing 
on  that  same  data  in  cell  ONE,  and  at  the  end  of  cell 
ONE  sends  the  result  up  to  the  SUPE.  The  SUPE  starts 
a  data  acquisition  cycle  in  cell  TWO,  acquiring  the  result 
data  sent  up  from  the  APs  in  cell  ONE.  The  SUPE  starts 
the  data  processing  on  that  same  data  in  cell  THREE, 
and  at  the  end  of  cell  THREE  sends  the  result  up  to 
the  MPG.  Therefore  a  final  beam  controlling  request  from 
the  SUPE  is  not  generated  until  four  beam  pulse  cycles 
after  that  beam  has  occured.  Figure  3  shows  the  pipeline 
synchronization . 

Only  after  the  Fast  Task  has  completed  the  result 
reporting  at  the  end  of  its  second  stage  may  it  finally  send 
status  information  up  to  the  main  control  center  VAX. 
This  is  done  at  the  end  of  the  second  stage  of  the  pipeline. 

An  Interrupt  Service  Routine  (ISR)  has  been  set  up  on 
the  SUPE  to  awaken  the  Fast  Thsk  whenever  the  machine 
timing  system  determines  that  a  beam  pulse  is  going  to 
occur;  at  this  time  the  SUPE  expects  new  beam  pattern 
data  to  be  issued  to  it  from  the  MPG.  An  ISR  has  also  been 
set  up  on  each  AP  to  awaken  their  Fast  Tasks  whenever  the 
SUPE  is  broadcasting  new  beam  pattern  data  to  the  APs. 
There  is  an  ISR  which  detects  when  an  individual  piece  of 
beam  monitoring  device  data  has  been  received,  moving 
the  Milcom  Task  through  its  data  acquisition  cycle. 

5.  FUTURE 

A  couple  learning  experiences  have  occured  during  the 
testing  of  MPS.  MPS  has  not  been  able  to  meet  the  design 
goal  of  operation  at  360Hz  since  there  is  just  too  much 
processing  to  do:  internal  error  handling,  the  algorithm 
processing  itself,  operating  system  overhead  etcetera.  MPS 
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Figure  2.  Task  dataflow. 


Table  I.  Fast  task  functional  unit  timing  survey. 


8252  ps 

total  time  between  beam  ticks  (120  Hz) 

6548  /is 

total  time  waiting  for  the  next  beam  tick 

1672  /is 

total  time  processing  one  beam  tick 

228  fis 

delay  data  acquisition  until  after  beam 
passage 

656  /is 

SUPE  broadcasting  new  pattern  info  to 
APs 

72  /is 

shifting  the  pipeline 

292  /js 

starting  a  data  acquisition  cycle 

200  /is 

mil  com  1553  port  reads  (two  ports  in  this 
case) 

300  /is 

milcom  task  overhead  per  data  acquisition 
cycle 

1500 /is 

processing  a  small  algorithm 

96  fjs 

sending  the  result  to  the  MPG 

144  /is 

reporting  the  results  to  the  VAX 

will  be  commissioned  to  run  at  120Hz,  although  it  has  been 
tested  at  180Hz.  Future  design  enhancements  include  the 
Fast  Task  executing  on  its  own  CPU;  however,  MPS  is 
presently  not  required  to  run  at  greater  than  120Hz.  Table 
I  shows  the  big  time  consumers  in  the  fast  task. 

The  speed  and  priority  at  which  the  Fast  Task  must 
execute  caused  some  multitask  management  challenges, 
wherein  all  other  tasks  must  be  prepared  to  be  preempted 
by  the  Fast  Task  even  if  they  aren’t  ready. 


FIDUCIAL 
BEAM 
SUP  PIPE 
SUPTOAP 
AP  PIPE 
AP  TO  SUP 
SUPTDMPG 


MPS  FAST  TASK  TIMING 


MtMS 


Figure  3.  Pipeline. 
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Abstract 

The  purpose  of  the  analog  monitoring  system 
(AMS)  is  to  provide  CEBAF  operators  the  ability  to 
monitor  voltage  signals  from  the  RF  control  modules, 
beam  loss  monitors,  and  other  dedicated  systems  from 
the  accelerator  service  buildings  with  a  10  MHz  (-1  dB), 
bandwidth.  The  signals  are  presented  at  the  AMS 
receiving  crate  in  the  Machine  Control  Center  (MCC). 
The  system,  when  completed,  will  allow  the  operator  to 
monitor  any  4  signals  from  available  channels  in  each 
location.  At  present  these  locations  provide  800  signals 
in  each  of  the  linacs,  16  signals  in  each  of  the  arcs,  120 
signals  in  the  injector,  and  16  signals  in  the  beam 
switchyard.  This  provides  a  total  capacity  of  1768 
signals,  with  an  upgrade  ability  of  3740  total  signal 
capacity. 

I.  INTRODUCTION 

The  analog  monitoring  system  is  distributed  in  a 
zone  architecture  throughout  the  accelerator,  (Figure  1), 
where  a  station  zone  is  defined  as  the  8  RF  control 
modules  that  control  the  field  gradients  in  the  cavities. 


One  AMS  station  will  be  located  at  each  RF 
station.  Each  AMS's  permanently  connected  inputs 
monitor  the  RF  systems  measured  phase  (PMES),  phase 
vector  modulator  drive  voltage  (PASK),  measured 
gradient  (GMES),  and  gradient  modulator  drive  voltage 
(GASK).  In  addition  to  the  RF  System  inputs  the  AMS 
station  has  eight  input  channels  to  monitor  the 
accelerators  beam  loss  monitor  signals  (BLM)  from  0  to 
5  V,  and  to  allow  connection  to  any  +  10  V  signal  for 
observation.  The  AMS  has  the  capability  to  expand  and 
to  monitor  up  to  an  additional  28  inputs,  bringing  the 
total  capacity  up  to  68  input  channels  per  crate.  In  the 
standard  configuration,  the  AMS  will  provide  the 
minimum  requirement  of  40  input  channels  (32  RF 
control  module  inputs,  8  BLM  inputs),  and  eight  output 
channels. 

The  system  zones  are  divided  into  six  groups:  North 
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linac,  South  Linac,  East  Arc,  West  Arc,  Beam  Switch 
Yard  (BSY)  and  the  Injector.  The  linac  areas  are  sub¬ 
divided  into  two  groups  of  8  and  1 1  AMS  stations.  To 
link  the  accelerator  to  the  MCC  a  specially  configured 
AMS  station  called  a  concentrator  crate  is  used.  The 
concentrator  crate  links  the  analog  signals  from  all  of  its 
assigned  AMS  standard  crates  and  sends  the  selected 
output  channel  to  the  MCC  through  an  analog  fiber 
optic  transmitter  (Figure  2). 

The  concentrator  crate  also  receives  and  transmits 
serial  fiber  optic  control  data  to  and  from  the  MCC.  The 
concentrator  crate  receives  commands  through  the  fiber 
optic  serial  link  and  distributes  the  control  data  through 
an  RS-485  serial  link  to  all  of  the  connected  AMS 
standard  crates  for  channel  selection  commands. 

The  MCC  concentrator  receives  24  channels  of 
analog  data  from  the  6  system  zones  and  routes  them  to 
24  BNC  type  connectors  on  the  monitoring  panel 
located  in  the  MCC.  From  the  monitoring  panel  the 
operator  can  connect  signals  into  a  four  channel 
oscilloscope  for  signal  display  or  connect  the  signals 
into  a  four  channel,  1  MHz  data  acquisition  card. 

n.  SYSTEM  DESCRIPTION 

The  analog  monitoring  system  is  composed  of  three 
main  sub-systems.  Together  these  sub-systems  provide 
a  means  of  selecting  a  desired  input  signal,  routing  the 
selected  signal  to  the  MCC,  and  conditioning  the  signal 
for  observation  in  the  MCC.  These  three  sub-systems 
are: 

A.  AMS  standard  crate 

B.  AMS  concentrator  crate 

C.  MCC  concentrator  system 

A .  AMS  Standard  Crate 

The  AMS  standard  crate.  Figure  3,  performs  two 
functions:  it  inputs  selected  analog  signals  from 
connected  instrumentation  and  routes  them  to  the 
concentrator,  and  allows  subsequent  AMS  signals  to 
pass  through  a  daisy  chain  to  the  AMS  concentrator 
crate.  Equipment  and  instrumentation  interface  is 
accomplished  by  two  types  of  analog  signal  modules. 
The  input  module  (AMIC)  is  an  eight  channel  signal 
input  module  that  serves  to  input  and  condition  the  RF 
control  module  signals,  and  the  variable  gain  module 
(AMVG)  is  a  four  channel  signal  input  module  that 
serves  to  input  and  condition  BLM  or  other  desired 
signals.  In  addition  to  a  high  input  impedance  the 
AMVG  modules  have  user  defined  gains  from  unity  to  x 
10.  Each  of  the  AMS  standard  crates  is  configured  with 
four  AMIC  modules  and  two  AMVG  modules.  Once  a 
signal  is  selected  few  observation  at  the  MCC  the 
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Figure  2.  AMS  Zone  Architecture 


appropriate  module  is  programmed  to  place  the 
connected  signal  on  the  "analog  bus". 


BPCM  BLM 
I NPuTS  I  NPUT  S 


P  c  *previous  crate  n  c  =ne*t  crate 


Figure  3.  AMS  Standard  Crate 

This  bus  is  made  up  of  four  dedicated  wires  with 
multiple  switches  that  span  1/2  the  length  of  a  system 
zone  terminating  into  a  concentrator  crate.  The 
switching  action  is  accomplished  through  64  T  matrix 
type  video  crosspoints.  Once  a  signal  is  selected  the 
AMS  closes  the  appropriate  semiconductor  switches  to 
complete  an  electrical  path  from  the  desired  input  signal 
to  the  analog  bus,  through  intermediate  AMS  standard 
crates  (effectively  bypassing  these  crates)  to  the 
appropriate  channel  of  the  AMS  Concentrator  Crate. 
The  signal  is  then  sent  via  an  analog  fiber  optic 
transmitter  to  the  MCC  for  conditioning  and 
observation.  The  interconnection  of  the  selected  signals 
through  a  daisy  chain  architecture  is  achieved  through 
the  cable  equalizer  module  (AMCE).  This  module 
accepts  four  differentially  driven  inputs  from  a  previous 
AMS  standard  crate  and  restores  any  frequency  dependent 
losses  that  have  occurred  in  the  RG-58  connection  cable 
by  a  passive  cable  equalizer  network  at  the  input  of  the 
AMCE  module.  In  the  event  an  AMS  standard  crate  is 
being  bypassed  the  AMCE  will  place  its  output  on  the 
analog  bus,  effectively  connecting  the  crate  input  to  the 
crate  output.  This  mode,  bypass  mode,  allows  a  signal 
originating  from  the  end  of  the  linac  to  pass  through  the 
daisy  chain  architecture  with  good  signal  isolation  from 
crates  in  the  serial  path  to  the  termination  point,  the 


concentrator  crate. 

The  output  section  of  the  standard  crate  is 
comprised  of  an  output  buffer  module  (AMOB).  This 
module  is  a  four  channel  differential  output  driver 
capable  of  driving  100  mA  with  a  small  signal 
bandwidth  >  IS  MHz.  Each  of  the  AMOB  modules  in 
an  AMS  standard  crate  differentially  drives  eight  RG-58 
cables  approximately  60  feet  to  the  upstream  AMS 
standard  crate’s  AMCE  module.  This  architecture  repeats 
itself  until  the  signal  path  terminates  into  an  AMS 
concentrator  crate. 

System  communication  is  accomplished  through  an 
RS-485  serial  link  connected  to  all  of  the  standard 
crates.  This  link  provides  bi-directional  communication 
to/from  the  concentrator.  This  serial  link  programs  the 
standard  crate  to  place  the  selected  analog  signal  on  the 
analog  bus  defined  by  the  program  code  that  contains  the 
card  address  (similar  to  the  CAMAC  card  addressing 
scheme),  input  channel,  and  output  channel  information. 
In  addition  to  the  serial  link  for  remote  control  of  the 
standard  crate,  the  system  offers  local  control  through  an 
RS-232  port  on  the  communication  and  control  module 
(AMCOM)  to  observe  selected  signals  locally  as 
accessed  through  the  front  panel  of  the  AMOB  module. 
The  AMCOM  module  is  based  around  a  MC68701 
microcontroller.  This  controller  has  4K  PROM  on  chip 
for  the  system  program  that  controls  RS-485 
communication,  card  addressing,  input/output  selection, 
start-up  routines,  and  confirmation  echoing. 

B.  AMS  Concentrator  Crate 

The  concentrator  crate  is  a  specially  configured 
standard  crate  that  has  three  basic  functions:  input 
analog  signal  data,  to  convert  and  transmit  analog  fiber 
to  optic  data  to  the  MCC,  and  to  act  as  a  node  controller 
for  all  of  the  connected  AMS  standard  crates.  The 
substitution  of  a  fiber  optic  transmitter  (AMFTX)  in 
place  of  an  AMOB  module  (Figure  2)  allows  the 
concentrator  crate  to  output  optical  signals  instead  of  an 
analog  signal.  The  concentrator  crate  is  made  from  a 
standard  crate  by  the  addition  of  this  module,  an 
additional  AMCE  module  to  terminate  two  linac 
sections,  and  a  fiber  optic  data  modem.  This  modem 
receives  commands  from  the  MCC  and  presents  the  data 
to  the  communication  module  (AMCOM).  This  module 
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acts  as  the  crate  controller  by  interpreting  commands, 
echoing  the  program  code  for  signal  selection  through 
the  RS-485  serial  link,  and  transmitting  confirmation 
codes  back  to  the  MCC  Concentrator. 

C.  MCC  Concentrator  System 

The  Machine  Control  Center  is  the  central  node 
from  which  the  user  can  select  any  one  of  1768 
connected  signals  from  anywhere  around  the  accelerator. 
The  controller  for  this  system  utilizes  a  486DX,  33 
MHz  PC  based  computer  equipped  with  an  EISA  bus 
supporting  both  a  GPIB  interface  and  a  four-channel,  1 
MHz  data  acquisition  board.  The  MCC  concentrator 
system  is  composed  of  three  major  components.  These 
are: 


1.  486DX  PC 

2.  Fiber  optic  receiver 

3.  AMS  buffer  crate 

1.  486DX  PC 

The  rack-mounted  PC  is  equipped  with  Labview 
software  configured  as  graphical  interface  for  input 
channel  selection  from  all  of  the  six  system  zones.  In 
addition  to  AMS  system  control  the  computer  functions 
as  both  a  GPIB  controller  for  a  rack-mounted  digital 
storage  scope  located  at  the  AMS  operators  panel,  and  a 
data  acquisition  system  capable  of  single  channel 
operation  at  1  MHz  or  four  channel  operation  at  2S0 
kHz. 


HI.  SPECIFICATIONS 


System  Specifications: 


Required  System  Performance  at  MCC 


Input  range 
Output  range 
Noise  level 
-ldB  bandwidth 
THD 
Crosstalk 
Gain  accuracy 


+/-10  V 
+/-10  V 
<35  mV  rms 
10  MHz 
<0.6% 

>60  dB 
<5% 


Fiber  Optic  System  Performance 
Link  noise  3  mV 

Link  linearity  2% 

Input/output  impedance  SO  O 

Pulse  response  time  20  nsec 

SNR  (peak  signal  to  rms  noise)  48  dB 
Maximum  overshoot  10% 

Operating  wavelength  820  nm 

Loss  budget  -8  dB  (50  um  fiber) 
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2.  Fiber  Optic  Receiver 

The  analog  fiber  optic  receiver  is  a  24-input  rack¬ 
mounted  receiver  with  power  supply  manufactured  to  a 
3U  eurocrate  specification  by  Meret  Optical,  Inc.  The 
system  is  designed  as  a  modular  receiver  with  plug-in 
type  four-channel  optical  receiver  cards.  The 
transmitter/receiver  system  from  Meret  provides  20 
MHz,  -3  dB  bandwidth,  with  2%  signal  linearity  and  a 
-8  dB  optical  loss  budget.  The  electrical  output  of  the 
receiver  module  is  presented  to  the  AMS  buffer  module 
for  final  signal  conditioning  before  being  presented  to 
the  user  panel. 

3.  AMS  Buffer  Module 

The  buffer  module  provides  the  necessary  gain  and 
rolloff  to  restore  the  analog  signal  to  the  unity  gain 
level  and  to  reduce  broadband  noise  figures  above  10 
MHz  from  excessively  degrading  signal  fidelity.  The 
output  of  the  buffer  module  is  presented  to  an 
oscilloscope  for  signal  observation,  or  presented  to  the 
input  of  the  data  acquisition  board  mounted  in  the  PC. 
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Abstract 

As  the  physical  size  of  modem  accelerators  becomes 
larger  and  larger,  the  number  of  required  control  system 
circuit  boards  increases,  and  the  probability  of  one  of  those 
circuit  boards  failing  while  in  service  also  increases.  In 
order  to  do  physics,  the  experimenters  need  the  accelerator 
to  provide  beam  reliably  with  as  little  down  time  as  possible. 
With  the  advent  of  colliding  beams  physics,  reliability 
becomes  even  more  important  due  to  the  fact  that  a  control 
system  failure  can  cause  the  loss  of  painstakingly  produced 
antiprotons.  These  facts  prove  the  importance  of  keeping 
reliability  in  mind  when  designing  and  maintaining 
accelerator  control  system  electronics. 

I.  RELIABLE  HARDWARE  DESIGN 

In  order  to  produce  reliable  circuit  boards,  the  boards  must 
be  designed  with  reliability  in  mind.  Components  with  high 
rates  of  failure  must  be  avoided  and  good  hardware  design 
practices  must  be  followed. 

A.  Chip  Sockets 

It  is  wise  to  avoid  using  chip  sockets  unless  absolutely 
necessary.  At  Fermilab,  chip  sockets  have  been  known  to 
corrode  after  a  few  years  in  service.  The  corrosion  is  not 
visible  from  the  exterior  of  the  socket,  but  can  be  seen  on  the 
legs  of  the  chip  when  removed.  The  reason  for  the 
corrosion  is  not  definite  but  it  may  be  caused  by  a  reaction 
between  two  dissimilar  metals. 

When  corrosion  occurs,  the  socket  loses  contact  with  the 
legs  of  the  chip  causi;  g  an  >  itermittent  failure  which  is  hard 
to  diagnose.  The  failu;'  v  ill  suddenly  clear  up  if  the  chip  is 
physically  disturbed  because  it  reestablishes  contact  with  the 
socket.  This  type  of  thing  is  very  confusing  to  a  repair 
technician  who  can't  understand  how  he  suddenly  fixed  the 
board  by  simply  touching  some  pins  with  a  scope  probe. 

The  faulty  contact  usually  occurs  on  the  ground  pin  of  a 
chip  socket  because  the  ground  pin  carries  the  most  current. 
The  corroded  joint  acts  like  a  resistive  connection.  Voltage 
drops  of  up  to  3  volts  have  been  observed  between  the  chip's 
ground  pin  and  the  board's  ground  plane.  Obviously,  I.C. 
chips  will  not  function  properly  when  their  ground  pin  is  not 
held  at  ground  potential. 

To  avoid  socket  unreliability,  it  is  wise  to  solder  all  chips 
directly  to  the  circuit  board  unless  the  chip  is  subject  to 
change,  such  as  an  EPROM  or  a  programmable  logic  device. 
If  a  socket  is  necessary,  only  a  high  quality  socket  should  be 
used.  It  is  better  to  spend  some  extra  money  on  a  high 
quality  socket  than  to  have  reliability  problems  in  the  future. 

B.  Polarized  Capacitors 

Polarized  electrolytic  capacitors  are  a  high  failure  item. 

*Operated  by  the  Universities  Research  Association  under 
contract  with  the  U.S.  Department  of  Energy. 


They  should  be  avoided  unless  absolutely  necessary.  After  a 
few  years  in  service  a  polarized  capacitor  may  develop  an 
internal  short.  At  Fermilab,  shorted  capacitors  have  been 
know  to  cause  blown  fuses,  power  supply  failures,  and  in 
some  cases  circuit  board  fires. 

Many  designers  use  polarized  capacitors  as  a  rule  of  thumb 
in  the  power  supply  section  of  a  circuit  board.  The  rule  of 
thumb  should  be  closely  examined  to  see  if  an  alternative 
component,  such  as  an  I.C.  regulator,  or  an  unpolarized 
capacitor  can  be  substituted.  Of  course  in  some  designs  there 
is  no  viable  alternative  to  using  a  polarized  capacitor.  In 
these  cases  the  designer  should  spend  some  time  finding 
capacitors  which  have  a  good  history  of  reliability. 

C.  Components  which  Need  Calibration 

In  order  to  produce  a  reliable  circuit  board,  it  is  wise  to 
avoid  components  which  need  calibration.  Components 
which  need  calibration  are  a  maintenance  headache  and  if 
calibration  is  not  done  on  a  regular  basis,  the  performance  of 
the  circuit  board  will  degrade  or  the  circuit  board  may  fail  in 
service. 

Some  designers  use  variable  resistors  to  set  timing  or 
voltage  thresholds.  After  a  period  of  time,  the  resistor  may 
need  to  be  calibrated  to  keep  the  circuit  performing  well. 
Also,  there  is  some  danger  that  the  position  of  the  variable 
resistor  may  be  disturbed  by  someone  mishandling  the  board. 

If  possible  use  components  which  need  no  calibration.  For 
timing  circuits  substitute  "delay  line"  I.C.s  in  place  of  "one- 
shots".  For  comparators,  use  zener  diodes  in  place  of  variable 
resistors. 

D.  Protected  Inputs  and  Outputs 

A  circuit  board  often  produces  an  output  which  drives  an 
external  device  or  relies  on  some  input  signal  from  another 
circuit  board.  The  board  designer  can  not  trust  the  external 
peripherals  to  perform  correctly.  The  board  must  be  designed 
with  protected  inputs  and  outputs. 

In  order  to  perform  reliably  the  inputs  should  be  able  to 
withstand  an  overvoltage  and  the  outputs  should  be  able  to 
withstand  a  short  circuit.  Otherwise,  the  board  may  have  a 
high  rate  of  failure,  especially  when  being  newly  installed 
with  untried  external  peripherals.  There  are  several  devices 
available  which  provide  protection,  such  as  optically  coupled 
input  I.C.s  and  short  circuit  protected  output  drivers. 

At  Fermilab,  a  circuit  board  is  quite  often  designed  for  one 
purpose  and  ends  up  being  used  for  several  different  purposes. 
The  inputs  and  outputs  should  be  protected  for  all 
contingencies  because  the  board  may  be  used  in  a  situation 
that  it  was  never  designed  to  be  used  in. 

E.  Component  Specifications 

In  order  to  produce  a  reliable  circuit  board,  it  is  wise  to 
study  and  heed  the  component  minimum  and  maximum 
specifications.  Specifications  such  as  maximum  input 
frequency,  maximum  operating  temperature,  and  minimum 
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input  voltage  are  determined  by  the  manufacturer  and 
should  not  be  taken  lightly.  Sometimes  designers  ignore  the 
specifications  during  the  proton  H  nase  only  to  find  out 
that  the  components  fail  when  subjected  to  adverse 
conditions  in  service. 

It  is  wise  to  avoid  components  that  are  brand  new  on  the 
market  and  have  not  yet  been  proven  reliable,  it  is  more  fun 
to  use  the  latest  and  greatest  thing,  but  designing  for 
reliability  dictates  the  use  of  tried  and  true  components. 
Sometimes  a  circuit  is  designed  around  a  component  that  is 
so  new,  it  only  exists  on  a  marketing  advertisement.  This  is 
know  as  a  "Vapor  Component",  and  can  cause  frantic 
redesign  efforts  when  it  fails  to  materialize. 

F.  Built  in  Diagnostic  Aids 

When  designing  a  circuit  board  it  is  wise  to  include  built 
in  diagnostic  aids.  Things  such  as  LEDs,  test  points,  and 
terminal  ports  can  be  invaluable  to  a  repair  technician  when 
diagnosing  a  failure  in  the  repair  lab  or  in  the  field. 

Sometimes  a  systematic  failure  will  occur  in  the  field. 
Diagnostic  aids  on  the  front  panel  of  a  circuit  board  can  be 
the  difference  between  a  one  minute  simple  solution  or  a 
half  day  ordeal. 

LED  indicators  are  a  cheap,  simple,  and  valuable  way  to 
indicate  the  state  of  the  circuit  board.  They  can  be  used  for 
indicating  the  presents  of  input  signals,  the  state  of  the  CPU, 
and  any  other  status  information.  Test  points  are  valuable 
for  checking  the  presence  of  voltages  on  the  board  and  for 
looking  at  important  signals  with  an  oscilloscope.  If  the 
board  contains  a  CPU,  it  may  be  wise  to  include  a  front 
panel  RS-232  port  so  that  diagnostic  information  can  be 
exchanged  with  the  CPU  using  a  terminal. 

II.  RELIABLE  SOFTWARE  DESIGN 

Many  circuit  boards  designed  for  use  in  accelerator  control 
systems  have  on  board  microprocessors.  Several  techniques 
can  be  used  when  designing  the  microprocessor  software  to 
improve  the  reliability  of  the  circuit  board. 

A.  Self  Tests 

Self  tests  should  be  incorporated  into  the  software  so  that 
the  circuit  board  can  proclaim  its  own  readiness  to  be  put  to 
use.  Self  tests  can  improve  the  reliability  of  circuit  boards 
by  finding  components  which  have  failed,  and  by  finding 
components  which  are  soon  to  fail.  Self  tests  are  fast, 
accurate  and  complete.  They  make  life  much  easier  for  the 
repair  technician. 

Self  tests  are  usually  performed  upon  power  up  or  reset. 
If  the  self  test  finds  a  problem  it  must  have  some  way  to 
proclaim  the  error.  This  can  be  as  simple  as  sounding  a 
beep,  or  lighting  a  light.  The  self  test  should  not  only 
proclaim  the  error  but  also  give  some  information  about  the 
nature  of  the  error.  One  simple  way  to  do  this  is  by  flashing 
a  code  on  an  LED.  For  example,  flash  pause  flash  pause 
means  the  RAM  is  dead.  Flash  flash  pause  flash  flash  pause 
means  the  I/O  chip  is  dead.  It  is  also  a  good  idea  to 
proclaim  the  results  of  the  self  test  in  a  status  register.  This 
will  allow  diagnosis  from  a  remote  location  provided  the 
status  register  is  not  the  broken  component. 


When  the  self  test  routines  are  written,  keep  in  mind  that 
the  self  test  must  be  able  to  run  with  a  minimum  of  working 
components.  The  self  test  can  not  assume  that  the  RAM  is 
working,  so  it  must  be  able  to  run  completely  from  PROM 
without  using  the  stack.  The  self  test  should  be  designed  to 
run  with  only  the  CPU  and  the  PROM  working. 

Self  tests  should  be  performed  on  all  components  that  the 
CPU  has  access  to.  RAM  tests  can  be  done  using  some 
systematic  scheme  which  writes  to  and  reads  from  every 
address  location.  RAM  tests  should  check  for  bad  data  bits  as 
well  as  bad  address  lines.  It  is  wise  not  to  write  the  same  data 
to  every  location  because  a  stuck  address  line  could  be 
overlooked. 

The  PROM  itself  can  be  tested  by  doing  a  check  sum  self 
test.  When  the  PROM  is  burned,  the  check  sum  can  be 
manually  entered  and  burned  into  the  last  address.  During 
the  self  test,  the  CPU  adds  up  the  contents  of  the  entire 
PROM  and  compares  it  with  the  last  location. 

Other  miscellaneous  components  should  also  be  tested. 
Command/Status  registers  can  be  tested  by  writing  some  data 
and  reading  it  back  to  confirm.  DAC/ADC  pairs  can  be 
tested  by  writing  a  value  to  the  DAC  and  reading  it  back  on 
the  ADC.  Some  items  such  as  a  "write  only"  register  are 
hard  to  test.  The  software  designer  should  work  with  the 
hardware  designer  to  make  the  hardware  self  testable. 

B.  Signs  of  Life 

Hardware  and  software  should  be  designed  as  reliably  as 
possible,  but  in  the  event  of  an  unforeseen  glitch  or  bug,  the 
CPU  may  malfunction.  These  malfunctions  can  cause  the 
CPU  to  go  senile,  (lose  the  data  in  memory)  go  crazy, 
(execute  data  instead  of  instructions)  become  compulsive, 
(execute  an  infinite  loop)  or  die  (cease  to  run  at  all).  It  is 
wise  to  add  special  hardware  to  detect  a  malfunctioning  CPU 
and  to  show  the  state  of  the  CPU  to  the  outside  world.  This 
hardware  can  then  be  used  to  find  problems  and  improve  the 
reliability  of  the  hardware  and  software. 

One  way  to  determine  the  health  of  a  CPU  is  to  check  its 
pulse.  At  Fermilab,  it  is  common  practice  to  include  a 
heartbeat  circuit  on  smart  circuit  boards.  The  CPU  must 
periodically  access  the  heartbeat  circuit  in  order  to  keep  the 
heartbeat  LED  on  and  the  heartbeat  status  bit  asserted.  If  the 
heartbeat  circuit  times  out.  it  indicates  that  the  CPU  is 
malfunctioning. 

A  similar  scheme  to  the  heartbeat  circuit  is  the  watchdog 
circuit.  The  watchdog  detects  the  death  of  the  CPU  when  it 
fails  to  be  periodically  fed  (accessed).  When  the  watchdog 
gets  hungry  it  bytes  (resets)  the  CPU.  When  designing  a 
watchdog  it  is  wise  to  make  it  a  finicky  eater.  The  periodic 
access  should  be  a  specific  data  code  written  to  a  specific 
address.  If  the  watchdog  ignores  the  data  and  depends  only 
upon  a  chip  enable,  the  CPU  may  still  be  able  to  randomly 
feed  the  watchdog  even  if  it  is  in  a  "crazy"  state. 

Another  diagnostic  aid  used  at  Fermilab  is  called  Age.  The 
CPU  keeps  a  running  total  of  the  time  elapsed  since  it  was 
last  reset.  The  age  can  then  be  read  from  a  register  by  anyone 
interested.  Age  is  useful  for  determining  reliability.  If  a 
smart  circuit  board  keeps  resetting  every  day  or  two,  steps 
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should  be  taken  to  improve  its  reliability.  A  reliable  smart 
board  should  be  able  to  run  for  several  months  without 
resetting.  Anything  over  6  months  is  hard  to  achieve  due  to 
the  inevitable  lightning  glitches  and  AC  power  failures. 

C.  Exceptions  and  Interrupts 

All  CPUs  provide  a  way  for  external  hardware  to  request 
service  from  the  software.  This  is  know  as  exception 
processing  and  is  used  quite  frequently  in  control  system 
electronics.  Due  to  its  complicated  nature,  incorrect 
exception  processing  is  the  source  of  a  great  many  reliability 
problems  in  smart  circuit  boards. 

Most  smart  boards  do  not  utilize  all  of  the  CPU's  available 
interrupt  and  exception  vectors.  The  software  designer 
should  not  leave  the  unused  vectors  blank.  This  may  cause 
the  CPU  to  go  astray  if  one  of  the  unused  exceptions 
unexpectedly  occurs.  It  is  wise  to  provide  a  graceful  return 
from  each  and  every  exception  vector  in  order  to  improve 
the  reliability  of  the  circuit  board.  Another  good  idea  is  to 
somehow  make  it  known  when  an  unexpected  exception 
occurs.  This  will  allow  the  designers  to  track  down 
problems  with  the  design. 

Most  CPU's  provide  a  nonmaskable  interrupt  input.  If  this 
interrupt  occurs,  the  program  must  stop  what  ever  it  is  doing 
and  service  the  interrupt.  It  is  wise  to  use  this  interrupt  only 
for  catastrophic  events  such  as  impending  power  failure.  It 
is  not  a  good  idea  to  use  this  interrupt  for  mundane  tasks 
such  as  servicing  a  timer.  The  software  becomes  very 
complicated  when  dealing  with  nonmaskable  interrupts  and 
this  complication  leads  to  bugs  and  unreliability.  The 
complications  are  caused  by  nonmaskable  interrupts 
occurring  at  a  point  in  the  program  when  the  CPU  can  not 
afford  to  be  interrupted.  It  is  best  to  use  maskable  interrupts 
in  most  situations  so  the  software  can  choose  to  delay 
servicing  them  if  the  CPU  is  busy  in  a  critical  part  of  the 
program. 

D.  Good  Programming  Practice 

In  order  to  produce  reliable  software,  it  is  important  to  use 
good  programming  practices.  With  the  advent  of  high  level 
languages,  this  is  just  as  important  as  it  was  with  assembly 
language.  Document  routines  with  comments  to  make  the 
purpose  and  operation  known.  Split  the  program  up  into 
small  routines  with  a  specific  purpose.  This  makes  the 
program  less  complicated  and  enables  code  reuse.  Use  good 
naming  conventions  for  routines  and  variables.  Long  names 
are  encouraged  in  high  level  languages  to  make  the  program 
self  documenting. 

DI.  MAINTENANCE 

After  the  hardware  and  software  design  is  finished  and  the 
circuit  board  is  in  use,  the  reliability  of  the  board  depends 
on  efficient  trouble  shooting  and  good  failure  tracking.  If 
the  circuit  board  has  a  high  rate  of  failure,  attention  should 
be  devoted  to  making  changes  for  improving  the  reliability. 
A.  Tracking  Failures 

It  is  a  good  idea  to  keep  a  record  of  failures  for  electronic 
circuit  boards.  The  record  can  be  used  to  track  reliability 


and  to  aid  in  repairing  boards  with  similar  types  of  failure. 
The  record  should  include  ail  pertinent  information  such  as 
the  date  of  failure,  location  of  failure,  and  the  board's  serial 
number.  The  record  should  also  include  the  failure  symptoms 
and  the  diagnosis. 

There  are  several  commercial  database  programs  available 
which  are  ideal  for  keeping  records  of  failure.  They  have 
customizable  data  entry  screens  and  hardcopy  report 
generation.  The  database  programs  also  have  nice 
information  searching  facilities  which  work  great  for  finding 
failure  trends  The  database  operator  can  do  queries  such  as 
"Show  me  all  the  boards  which  failed  in  January  of  1991."  or 
"Show  me  all  the  boards  which  have  failed  due  to  a  shorted 
capacitor." 

B.  Computerized  Test  Station 

In  order  to  produce  a  circuit  board  with  a  high  degree  of 
reliability,  the  board  must  be  tested  comprehensively  during 
the  design  phase.  Also,  failures  which  occur  while  in  service 
must  be  diagnosed  quickly.  A  computerized  test  station  is  a 
good  way  to  meet  these  goals. 

Most  modern  control  system  circuit  boards  reside  in  a 
commercial  bus  crate  such  as  CAMAC,  VME,  or  Multibus. 
The  circuit  boards  are  designed  to  send  and  receive  data  to 
and  from  a  bus  master  over  the  bus  backplane.  In  order  to 
test  a  circuit  board,  there  must  be  some  way  to  to  talk  to  the 
board  over  the  bus  backplane. 

At  Fermilab,  it  is  common  practice  to  connect  a  PC 
computer  to  a  test  crate  via  a  PC  to  bus  interface.  Interface 
hardware  can  be  obtained  from  commercial  companies  who 
specialize  in  this  area,  most  notably  BiT3  Computer  Corp.* 
Programs,  which  run  on  the  PC,  can  then  be  written  to  test 
circuit  boards.  PC  computers  are  the  obvious  choice  because 
they  are  readily  available,  relatively  inexpensive,  and  have  a 
wide  selection  of  compilers  and  programming  aids  to  choose 
from. 

Programs  written  to  test  a  circuit  board  should  be  flexible 
and  easy  to  use.  The  tests  should  generally  keep  repeating 
until  halted  by  the  operator.  Constantly  repeating  tests  are 
valuable  for  providing  stimulus  when  using  an  oscilloscope 
for  diagnosis. 

Sometimes  a  circuit  board  may  develop  an  intermittent 
failure.  This  type  of  failure  is  very  hard  to  diagnose  because 
it  may  take  hours  or  days  for  the  board  under  test  to  fail.  The 
computerized  test  station  is  very  valuable  for  finding 
intermittent  failures  because  it  can  perform  tests,  unattended, 
24  hours  a  day,  and  create  a  log  of  failures  for  the  repair 
technician. 

Sometimes  when  a  board  fails  in  the  field  it  may  seem  to 
work  fine  when  tested  in  the  repair  lab.  If  this  happens  the 
tests  must  be  made  more  rigorous  in  order  to  find  the 
problem.  Long  term  computerized  tests  may  be  needed. 
Technicians  should  not  be  content  to  put  a  board  back  into 
service  without  first  finding  and  fixing  the  reported  error. 


*BiT3  Computer  Corp.  8 1 20  Penn  Avenue  South, 
Minneapolis,  MN,  55431-1393  Phone  (612)  881-6955 
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Abstract 

Since  most  accelerator  control  system  circuit  boards  reside 
in  a  commercial  bus  architecture,  such  as  CAMAC  or 
VMEbus,  a  computerized  test  station  is  needed  for 
exercising  the  boards.  This  test  station  is  needed  for  the 
development  of  newly  designed  prototypes,  for 
commissioning  newly  manufactured  boards,  for  diagnosing 
boards  which  have  failed  in  service,  and  for  long  term 
testing  of  boards  with  intermittent  failure  problems. 
WindoWorks  was  created  to  address  these  needs.  It  is  a 
flexible  program  which  runs  on  a  PC  compatible  computer 
and  uses  a  PC  to  bus  crate  interface.  WindoWorks  was 
designed  to  give  the  user  a  flexible  way  to  test  circuit  boards. 
Each  test  is  incapsulated  into  a  window.  By  bringing  up 
several  different  windows  the  user  can  run  several  different 
tests  simultaneously.  The  windows  are  sizable,  and 
moveable.  They  have  data  entry  boxes  so  that  the  test  can 
be  customized  to  the  users  preference.  The  windows  can  be 
used  in  conjunction  with  each  other  in  order  to  create  super¬ 
tests.  There  are  several  windows  which  are  generic.  They 
can  be  used  to  test  basic  functions  on  any  VME  (or 
CAMAC)  board.  There  are  other  windows  which  have  been 
created  to  test  specific  boards.  New  windows  for  testing 
specific  boards  can  be  easily  created  by  a  Pascal  programmer 
using  the  WindoWorks  framework. 

I.  MOTIVATION 

Most  modem  accelerator  control  system  circuit  boards 
reside  in  a  commercial  bus  crate  such  as  CAMAC,  VMEbus, 
or  Multibus.  Due  to  the  nature  of  the  bus  architecture,  an 
intelligent  bus  master  is  required  to  exercise  the  boards  in 
the  crate.  An  intelligent  bus  master  is  a  circuit  board  which 
either  has  an  on  board  CPU  or  is  controlled  by  a  remote 
computer. 

When  developing  a  newly  designed  circuit  board, 
commissioning  a  newly  manufactured  circuit  board,  or 
diagnosing  a  board  which  has  failed,  some  sort  of  testing 
facility  is  required.  A  minimum  testing  facility 
configuration  consists  of  a  test  crate,  a  bus  master,  and  a 
computer  program  which  allows  a  human  to  conduct  various 
tests  on  the  circuit  board  of  interest. 

The  test  software  should  be  easy  to  use  and  flexible 
enough  for  the  operator  to  devise  tests  in  unique  ways  in 
order  to  solve  particular  problems.  The  test  software  should 
have  basic  functions  such  as  reading  from  and  writing  to  an 
address,  as  well  as  more  sophisticated  tests  for  exercising 
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overall  circuit  board  functions.  The  test  software  should  have 
tests  which  constantly  repeat  so  as  to  provide  stimulus  when 
using  an  oscilloscope  to  diagnose  a  failure.  It  should  also  be 
able  to  run  unattended  for  long  periods  of  time  so  that 
intermittent  failures  can  be  found. 

When  investigating  suitable  computer  programs  for 
conducting  tests,  very  few  commercial  products  were  found. 
The  products  which  are  available,  such  as  VMEbug  [1]  are 
rather  tedious  to  use  and  limited  in  capabilities.  When  no 
suitable  commercial  programs  could  be  found  for  testing 
circuit  boards,  WindoWorks  was  created. 

II.  HARDWARE 

The  original  WindoWorks  test  station  was  configured  to 
test  newly  designed  VMEbus  circuit  boards.  Later,  a 
CAMAC  version  of  the  test  system  was  also  created. 

A.  VMEbus  Test  Station 

The  hardware  for  the  VMEbus  test  station  consists  of  a 
VME  crate,  a  BiT3  PC  to  VMEbus  adaptor  [2],  and  a  PC/AT 
compatible  computer  with  mouse. 

A  PC  computer  is  used  in  the  test  station  because  they  are 
readily  available,  relatively  inexpensive,  and  have  a  wide 
selection  of  software  tools  available.  Also,  the  PC's  color 
graphics  and  mouse  helps  to  make  a  nice  user  interface. 

The  BiT3  PC  to  VMEbus  adaptor  consists  of  a  circuit 
board  which  goes  into  one  of  the  PC's  expansion  slots, 
another  circuit  board  which  goes  into  the  VME  crate,  and  an 
interconnecting  cable.  The  BiT3  interface  has  several 
command  and  status  registers  to  configure  and  use  the 
system.  A  program  running  on  the  PC  can  access  any  address 
on  the  VME  crate  using  a  paged  memory  mapping  scheme. 

The  BiT3  board  which  resides  in  the  VME  crate  acts  as  a 
bus  master  to  access  all  other  boards  in  the  crate.  It  can  also 
be  configured  to  be  the  "slot  one  controller".  All  types  of  bus 
cycles  can  be  performed  including  interrupt  acknowledge 
cycles.  Both  normal  and  "short  I/O"  address  space  can  be 
accessed.  The  VME  address  modifier  can  be  set  to  any  value 
using  a  command  register. 

B.  CAMAC  Test  Station 

The  hardware  for  the  CAMAC  test  station  consists  of  a 
CAMAC  crate,  a  Tevatron  Serial  Crate  Controller  [3],  a 
TSCC  Link  Driver  [4],  a  PC  to  Link  Driver  interface  card  [5], 
and  a  PC/AT  compatible  computer  with  mouse. 

The  PC/AT  was  chosen  for  the  same  reasons  as  in  the 
VMEbus  test  station,  and  to  keep  the  standard  human 
interface  that  users  had  become  accustomed  to  using  with  the 
VMEbus  test  station.  The  TSCC  and  Link  Driver  are 
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standard  Fermilab  equipment  used  for  all  CAMAC  crates  in 
the  field.  The  PC  to  Link  Driver  interface  card  was 
designed  at  Fermilab  for  the  sole  purpose  of  creating  flexible 
modern  CAMAC  test  stations.  It  resides  in  a  PC  expansion 
slot  and  is  connected  to  the  Link  Driver  via  ribbon  cables. 

A  program  running  on  the  PC  uses  registers  on  the 
interface  card  to  invoke  the  standard  CAMAC  function 
codes.  In  this  manner,  the  PC  can  send  commands  to  or 
read  data  from  the  circuit  boards  in  the  crate. 

HI.  SOFTWARE 

The  program  which  runs  on  the  PC  was  written  in  Pascal 
using  the  Turbo  Pascal  [6]  compiler  and  development 
environment.  The  program  also  makes  use  of  a  windows 
programming  package  called  Meta  WINDOW  [7], 

Because  of  the  differing  nature  between  CAMAC  and 
VME  two  separate  versions  of  the  software  have  be  created. 
The  user  interface  is  the  same  on  both  versions  but  the 
hardware  drivers  and  test  windows  are  necessarily  different. 
In  order  to  avoid  confusion  the  rest  of  this  paper  will  be 
constrained  to  the  discussion  of  the  VMEbus  version. 

A.  User  Interface 

WindoWorks  was  created  with  a  modem  "mouse  and 
windows"  user  interface.  The  interface  eliminates  the  need 
for  tediously  typing  in  commands.  It  utilizes  pull  down 
menus  and  scroll  boxes. 

Each  test  is  encapsulated  into  a  window.  The  user  can 
create  and  delete  window  tests  at  will.  The  windows  are 
moveable  and  sizeable.  Most  of  the  test  windows  only  need 
a  small  area  on  the  CRT.  This  allows  the  user  to  run  several 
tests  at  the  same  time  or  in  conjunction  with  each  other. 
The  tests  running  in  the  windows  generally  keep  repeating 
until  stopped  by  the  user.  This  feature  is  useful  when 
stimulus  is  needed  while  diagnosing  a  problem  with  an 
oscilloscope.  The  windows  execute  their  tests  in  a  round 
robin  fashion.  Usually  the  tests  execute  fast  enough  so  that 
all  windows  appear  to  be  running  simultaneously. 

Once  a  suite  of  windows  has  been  set  up  and  configured, 
the  entire  setup  can  be  saved  on  the  hard  disk.  This  allows 
for  quick  retrieval  of  preconfigured  setups. 

B.  Generic  Window 

Several  test  windows  have  been  designed  so  that  they 
would  be  useful  for  testing  any  VMEbus  circuit  board. 
These  windows  test  basic  functions  which  are  common  to  all 
VMEbus  boards.  The  generic  VMEbus  windows  include  the 
Hex  Memory  Dump  Window,  the  Binary  Memory  Dump 
Window,  the  Memory  Test  Window,  the  Block  Fill  Window, 
the  Write  Burst  Window,  the  Watcher  Window,  the  Matcher 
Window,  the  Interrupt  Acknowledge  Window,  and  the  Text 
Window. 

The  Memory  Dump  Window  is  the  most  used  of  all  the 
generic  windows.  The  Memory  Dump  Window  constantly 
reads  an  area  of  memory  and  displays  it  in  the  window.  The 
user  chooses  the  starting  address  and  the  size  of  the  memory 


block  displayed.  The  memory  block  size  is  chosen  by 
changing  the  size  of  the  window.  The  user  can  display  one 
byte  of  data  by  making  the  window  very  small  or  several 
hundred  bytes  by  making  the  window  large.  The  user  can 
choose  to  display  the  data  in  bytes,  words,  or  longwords,  in 
hex  or  in  binary.  If  any  data  changes  in  the  memory,  the  new 
value  is  immediately  displayed  in  the  window.  The  user  can 
also  write  new  data  to  a  specific  address  by  simply  clicking 
the  mouse  on  the  data  of  interest.  After  choosing  the  data 
location  to  alter,  the  user  can  type  in  new  data,  or  scroll  the 
data  up  and  down  by  using  the  left  and  right  mouse  buttons. 
The  Memory  Dump  Window  is  useful  for  testing  basic  circuit 
board  read  and  write  functionality.  It  is  also  useful  for 
watching  the  progress  of  other  test  windows  such  as  the 
Memory  Test  Window  or  the  Block  Fill  Window.  Since  the 
Memory  Dump  Window  runs  constantly,  the  user  can 
diagnose  problems  with  an  oscilloscope  without  having  to 
keep  entering  read  commands  like  some  commercial  test 
programs  require. 

The  Memory  Test  Window  writes  data  to  a  user  specified 
block  of  memory  and  then  reads  the  data  back  to  verify  the 
write-read  functionality.  If  the  read  back  process  finds  an 
error,  an  error  message  is  displayed  in  the  window  with  the 
offending  address  and  data.  The  user  can  specify  byte,  word, 
and  longword  access.  The  user  can  also  specify  one  of  3  test 
schemes.  The  first  scheme  writes  the  same  user  specified 
value  to  each  location  on  each  pass.  The  second  scheme 
writes  the  same  value  to  each  location,  but  chooses  a  new 
random  value  on  each  successive  pass.  The  third  and  most 
stalwart  scheme  writes  a  different  random  value  to  each 
location  on  every  pass.  Each  of  the  three  schemes  can  be 
useful  depending  on  the  particular  problem  that  is  being 
diagnosed. 

The  Block  Fill  Window  writes  user  specified  data  to  a  block 
of  memory.  This  window  is  useful  for  finding  write  cycle 
problems  and  for  initializing  memory  or  command  registers. 
The  window  continues  to  keep  writing  the  block  of  data  over 
and  over  until  stopped  by  the  user  so  that  diagnosis  can  be 
done.  This  window  can  be  used  in  conjunction  with  the 
Memory  Dump  Window  to  verify  that  the  data  was 
successfully  written. 

The  Write  Burst  Window  writes  user  specified  data  to  a 
single  user  specified  address.  The  user  can  choose  exactly 
how  many  times  the  data  is  written,  from  1  to  infinity.  This 
can  be  useful  when  testing  a  circuit  which  produces  a  signal 
each  time  a  command  is  written.  The  user  may  need  to  verify 
that  a  precise  number  of  signals  occur  in  conjunction  with  the 
number  of  commands  sent. 

The  Watcher  Window  continuously  reads  one  user  specified 
address.  The  window  will  display  the  number  of  times  the 
data  changed  and  will  also  display  the  highest  and  lowest 
data  value  ever  read  from  that  location.  This  window  has  a 
wide  range  of  uses  and  is  very  useful  for  diagnosing 
intermittent  problems. 

The  Matcher  Window  continuously  reads  one  user  specified 
address  and  compares  the  data  read  to  a  user  specified  value. 
If  the  data  read  matches  the  value,  the  window  increments  a 
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counter  and  displays  the  number  of  occurrences  when  the 
data  matched  the  value  of  interest.  The  user  can  use  "don't 
care”  X's  in  the  value  to  allow  more  flexibility.  There  is  a 
hex  and  a  binary  version  of  this  window. 

The  Interrupt  Acknowledge  Window  is  used  for  debugging 
boards  which  generate  interrupts.  When  a  board  in  the  crate 
produces  an  interrupt,  the  window  performs  an  interrupt 
acknowledge  cycle  and  then  displays  the  vector  returned  by 
the  interrupting  board. 

The  Text  Window  is  used  for  documenting  the  users  test 
setup.  After  a  set  of  windows  are  created  and  configured  for 
testing,  the  user  may  document  the  test  setup  by  entering 
text  into  one  or  more  Text  Windows.  The  entire  test  setup 
can  then  be  saved  on  the  hard  disk  so  that  it  may  be  recalled 
at  a  later  date.  The  text  windows  serve  as  an  aid  to 
understanding  the  tests  which  were  previously  configured. 

C.  Special  Windows 

The  generic  windows  can  be  quite  useful  for  testing  circuit 
boards  and  in  some  cases  the  generic  windows  are  all  that  is 
needed,  but  for  special  purpose  circuit  boards,  special 
purpose  test  windows  are  often  desired.  Special  purpose  test 
windows  can  be  created  by  a  Pascal  programmer  using  the 
WindoWorks  frame  work.  A  programmer  may  use  the 
generic  windows  as  a  template  for  creating  windows  to  test 
specific  circuit  boards. 

Some  examples  of  special  purpose  windows  which  have 
been  created  are: 

A  window  to  display  and  change  the  dots  on  a  board  with 
a  dot  matrix  display. 

A  window  to  run  long  term  bit  errors  tests  on  a 
transmitter-receiver  pair. 

A  window  to  configure  the  registers  of  a  video  chip. 

A  window  to  display  the  time  and  date  read  from  a  clock 
calendar  chip. 

D.  Using  Windows  Together 

One  of  the  nice  features  of  WindoWorks  is  that  the 
windows  can  be  used  in  conjunction  with  each  other  to 
perform  super-tests.  Each  window  provides  a  basic  building 
block  which  gives  the  user  power  to  create  unique  tests  in 
order  to  solve  particular  problems.  For  example,  the  user 
can  watch  the  outcome  of  the  Memory  Test  Window  with 
the  Memory  Dump  Window.  The  user  may  want  to  use  the 
Watcher  Window  to  see  if  the  Write  Burst  Window  had  the 
desired  effect.  It  is  amazing  how  creative  the  user  becomes 
when  using  WindoWorks  to  test  and  diagnose  hardware. 
Sometimes  the  user  is  able  to  create  tests  which  were  never 
envisioned  by  the  software  designer. 

£  Long  Term  Tests 

It  is  often  necessary  to  run  long  term  tests  on  circuit 
boards  in  order  to  catch  intermittent  failures  or  to  determine 
error  rates.  The  long  term  tests  must  be  able  to  run 
unattended,  for  days  or  weeks  at  a  time.  If  an  error  occurs 
when  no  human  is  present  the  test  program  must  be  able  to 
keep  a  log  of  failures. 


WindoWorks  has  the  capability  to  be  used  for  long  term 
tests.  Several  of  the  generic  windows  display  and  hold  errors 
that  occur.  The  PC's  hard  disk  makes  a  convenient  place  to 
keep  a  log  of  failures.  Error  log  text  files  can  easily  be 
created  and  updated  by  the  WindoWorks  program  so  the  user 
can  read  the  file  at  his  leisure. 

F.  Future  Upgrades 

WindoWorks  was  originally  created  before  the  advent  of 
Microsoft  Windows  [8],  Since  the  popularity  of  MS  Windows 
3.1  is  now  evident,  it  may  be  wise  to  port  the  WindoWorks 
program  to  the  MS  Windows  format.  There  are  several  new 
programming  packages  that  propose  to  help  a  programer 
develop  MS  Windows  applications.  Using  MS  Windows  may 
be  advantageous  because  of  its  standard  GUI  and  its  true 
multitasking  ability. 
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Abstract 

The  accelerator  control  system  ("ACNET")  at  Fermilab  is 
using  a  made-in-house,  Assembly  language,  database.  The 
database  holds  device  information,  which  is  mostly  used  for 
finding  out  how  to  read/set  devices  and  how  to  interpret 
alarms.  This  is  a  very  efficient  implementation,  but  it  lacks 
the  needed  flexibility  and  forces  applications  to  store  data  in 
private/shared  files.  This  database  is  being  replaced  by  an  of- 

the-shelf  relational  database  (Sybase^).  The  major  constraints 
on  switching  are  the  necessity  to  maintain/improve  response 
time  and  to  minimize  changes  to  existing  applications. 
Innovative  methods  are  used  to  help  achieve  the  required 
performance,  and  a  layer  seven  gateway  simulates  the  old 
database  for  existing  programs.  The  new  database  is  running 
on  a  DEC  ALPHA/VMS  platform,  and  provides  better 
performance.  The  switch  is  also  exposing  problems  with  the 
data  currently  stored  in  the  database,  and  is  helping  in  cleaning 
up  erroneous  data.  The  flexibility  of  the  new  relational 
database  is  going  to  facilitate  many  new  applications  in  the 
future  (e.g.  a  3D  presentation  of  device  location).  The  new 
database  is  expected  to  fully  replace  the  old  database  during 
this  summer's  shutdown. 

I.  INTRODUCTION 

The  accelerator  control  system  is  using  a  made-in-house, 
hierarchical,  based  on  indexed  Files,  client-server,  database 
manager  (called  DBM).  The  current  implementation  is  in  use 
since  1985  [1&2].  The  implementation  uses  code-based 
protocol  (e.g.  in  order  to  read  setting  information  one  needs  to 
know  the  code  associated  with  the  setting  property).  In  the 
past  eight  years  there  were  very  few  changes  made  in  the 
database,  the  reason  being  the  complexity  of  providing  new 
functionality  since  both  the  client  and  the  server  sides  have  to 
be  changed  to  support  new  features,  which  is  an  expensive 
ordeal,  especially  due  to  the  usage  of  Assembly  language.  The 
lack  of  flexibility  in  the  central  database  forces  many 
applications  to  create  their  own  representation  of  data  stored  in 
the  database  (by  reading  the  whole  database  and  storing  the 
information  in  new  files,  or  by  analyzing  the  changes  made  in 
the  database).  A  great  deal  of  other  device-related  information 
ends  up  in  private/shared  files,  and  even  in  source  code.  The 
inconsistency  in  interfaces  and  sources  of  information  creates 
an  unmanageable  situation  (a  device  might  be  deleted  from  the 
central  database,  but  information  related  to  the  device  and 
dependencies  on  the  device  are  still  present  in  private/shared 
files,  and  hidden  inside  applications).  In  addition,  there  is  no 
trivial  mechanism  to  query  the  database  in  ad-hoc  fashion,  and 
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as  a  result,  there  are  many  inconstancies  even  in  the  central 
database.  Even  with  all  these  problems,  the  database  provides 
good  service  to  the  control  system,  since  problems  are  rectified 
when  encountered. 

The  advantages  of  a  relational  database,  supporting  the 
ANSI  SQL  protocol,  over  the  above,  are  overwhelming:  on¬ 
line  changes  in  table  structure,  ad-hoc  queries,  ability  to 
enforce  referential  integrity,  and  many  others.  But  relational 
databases  have  one  major  deficit  -  they  are  much  slower  than  a 
customized,  application  dependent.  Assembly  language, 
implementation.  Fortunately,  CPU  performance  is  improving 
fast,  and  can  help  relational  databases  achieve  sufficient 
performance. 

Switching  from  one  database  to  another  is  not  a  simple 
tas'-c.  The  existing  data  has  to  be  loaded  to  the  new  database. 
Existing  query  protocols  have  to  be  supported.  Existing  tools 
which  directly  accessed  the  database  files,  DBM  audit  files,  or 
DAB  BEL  files  (DABBEL  was  the  language  used  to 
insert/update  DBM)  must  be  converted  to  use  a  new  interface 
(or  rewritten).  A  new  device  entry/manipulation  tool,  that  can 
support  the  new  fields  in,  and  different  organization  of,  the 
new  database  has  to  be  written. 

II.  RELATIONAL  DATABASE  PERFORM ANCE[3] 

We  tested  several  products.  The  performance  tests  were 
done  on  parameter  page  queries  (which  probably  are  the  most 
common  queries  in  our  environment,  though  not  the  most 
complex  ones).  Conversion  programs  were  written  to  take 
DBM  files  and  generate  ASCII,  ready  for  load  (i.e.  first  normal 
form),  version  of  them.  This  way  we  could  load  our  real  data 
to  the  database,  and  get  meaningful  benchmarks.  There  are 
many  benchmarks  available  in  the  literature,  but  the  results 
they  report  vary  widely,  and  none  of  them  seems  to  resemble 
the  type  of  activities  in  real-time  environments.  We  also 
realized  a  major  problem  regarding  I/O.  DBM  did  cache 
information  from  the  files,  and  so  do  most  databases  in  the 
market.  But  the  caching  algorithm  used  by  most  relational 
databases  is  LRU  (least  recently  used),  and  is  not  aware  of  the 
logical  meaning  of  the  data.  Therefore,  one  might  wipe  out  all 
the  cached  information  by  querying  a  large,  relatively  low 
usage,  table  (e.g.  we  have  a  table  holding  all  the  last  settings 
sent  to  devices).  There  is  only  one  way  to  overcome  this 
problem,  and  that  is  to  provide  enough  memory  to  allow  the 
whole  database  to  reside  in  cache.  It  is  not  very  hard  to  do, 
since  our  database  is  small  in  database  terms  (less  than  30 
MB).  We  realize  that  the  size  is  going  to  increase  drastically 
over  time  (we  have  over  300MB  of  shared  files),  but  for  the 
time  being,  it  is  feasible  to  put  enough  memory  in  the  server 
machine  to  provide  full  caching  (in  the  future,  we  might  move 
large,  non  critical,  tables  to  a  separate  server  node). 

In  our  testing,  we  discovered  a  major  problem  with  most 
relational  databases  -  the  client  library  is  very  slow.  The 
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reason  the  client's  performance  is  very  important  to  us  is  that 
the  users  see  only  response  time  -  they  do  not  care  where  the 
time  was  spent,  and  our  need  for  a  gateway  to  the  DBM 
protocol  provided  us  with  a  unique  opportunity  to  ti.  the 
performance  of  both  the  server  and  the  client. 

Our  testing  proved  that  using  a  relational  database  is 
feasible  for  our  control  system.  The  product  we  chose  was 
Sybase,  which  had  the  best  performance  overall  (simple  and 
complex  queries). 

m.  DBM-SQL  Gateway 

As  mentioned  above,  we  have  to  support  existing 
applications  with  the  least  impact.  The  most  natural  way  to 
use  relational  databases  is  to  use  their  client  libraries  (cr  pre¬ 
compilers  which  produce  the  calls  to  the  client  libraries).  This 
solution  can  not  work  for  us  since  we  have  database  clients 
residing  in  front-ends,  running  real-time  kernels  ~  and  no 
vendor  has  client  libraries  available  for  pSOS,  MTOS  or  even 
VxWorks...  One  way  to  resolve  this  problem  with  minimal 
impact  is  to  build  a  layer  seven  gateway.  This  gateway 
receives  (via  ACNET,  our  home  grown  protocol)  requests 
using  the  DBM  protocol,  translates  the  request  to  optimized 
SQL,  calls  the  applicable  client  library  routines  to  retrieve  the 
data,  translates  the  replies  to  DBM  protocol,  and  sends  the 
reply  back  to  the  requester.  As  far  as  existing  applications 
programs  and  other  DBM  clients  are  concerned  -  nothing  has 
changed,  even  devices  added  to  the  database  after  the  switch  to 
Sybase  will  be  fully  accessible  by  existing  applications. 

Our  gateway  also  supports  SQL  requests  from 
applications.  The  major  benefit  of  doing  so  is  providing  a  very 
simple  interface  for  applications  to  access  the  database:  all  an 
application  needs  to  provide  is  the  applicable  SQL  statement, 
and  the  address  of  an  array  of  structures  where  the  data  retrieved 
from  the  database  should  be  put.  The  application  (or  other 
clients)  need  to  call  only  one  procedure.  In  addition,  using  the 
gateway  to  interact  with  the  database  simplifies  monitoring 
and  management  of  database  access,  and  allows  us  to 
implement  diverse  security/priority  schemes  (e.g.  based  on 
client's  node  id).  The  applications  can  also  benefit  from 
multiple  asynchronous  requests  and  packeting  of  large 
requests/replies  provided  by  the  client's  access  routine.  Hiding 
the  vendor's  client  library  routines  from  the  user  also  removes 
the  dependency  on  a  specific  vendor's  interface,  and  drastically 
simplifies  switching  to  another  vendor's  ANSI  SQL  server  in 
the  future  (not  that  we  see  a  need  for  that). 

The  gateway  is  multi-threaded,  to  optimize  SQL  server 
utilization.  Currently,  the  gateway  runs  on  the  SQL  server's 
machine,  but  that  is  not  required.  The  gateway  is  going  to 
support  TCP/IP  and  UDP  access  to  the  database  in  the  future 
(in  addition  to  ACNET). 

IV.  UPDATING  DEVICES 

DBM  uses  a  special  device  update  utility  (called  DABBEL). 
This  utility  parses  text  files  containing  keyed  values.  The 
utility  does  not  support  interactive  changes.  Updates  are  done 
directly  on  the  physical  files. 

The  new  database  is  adding  many  fields  and  tables  (DBM 
has  tables  that  store  unstructured  information  that  have  to  be 
spread  between  multiple  structured  tables).  It  is  clear  that  the 


effort  needed  to  change  DABBEL  to  support  the  changes  in  the 
underlining  database  is  not  worth  the  effort. 

Instead,  an  interactive  device  entry  application  is  on  the 
works  (Lee  Chapman  is  responsible  for  this  effort).  The 
interactive  utility  is  a  regular  application.  This  application 
uses  multiple  windows  and  some  graphical  displays  to  assist 
in  inserting  or  updating  a  device.  Thanks  to  its  interactive 
nature,  this  application  eliminates  the  mystery  from  updating 
devices,  and  allows  one  to  make  changes  to  the  information 
stored  for  a  device  and  run  an  application  on  another  window 
to  see  the  impact  the  changes  had.  The  user  can  easily  compare 
the  characteristics  of  two  devices,  and  copy  any  property  from 
one  device  to  the  other.  In  the  future,  this  utility  will  be 
enhanced  to  provide  logical  assistance  in  entering  devices  (e.g. 
it  will  become  aware  of  correct  device  entry  requirements  for 
different  types  of  devices). 

V.  AUDIT 

DBM  has  a  basic  audit  facility.  The  audit  trail  is  based  on 
the  DABBEL  tokens  used  for  updating  a  device,  and  can  keep 
track  or  whom  updated  what  property,  and  when.  The 
information  is  stored  in  a  separate  file,  and  a  special  interface 
is  used  to  access  it.  The  new  database  is  expected  to  provide  a 
better  audit  trail. 

The  new  audit  trail  keeps  track  of  changes  at  the  field  level, 
and  stores  the  previous  value  of  each  modified  field.  Since 
the  audit  information  is  available  from  the  device  update 
application,  recovery  from  erroneous  changes  becomes  trivial. 

VI.  backup  &  Recovery 

Relational  databases  tend  to  be  very  good  when  recovery  is 
concerned.  They  support  rollback  of  transactions,  and  can  tell 
which  transactions  were  complete  when  the  machine  losses 
power,  and  roll  them  forward. 

We  intend  to  keep  a  backup  database  server,  used  mainly 
for  development  and  complex  reports.  The  backup  server  is 
going  to  be  at  most  10  seconds  off  the  operational  database, 
using  a  Sybase  tool  called  Replication  Server.  The  backup 
database  will  maintain  multiple  copies  of  the  database,  to 
allow  logical  recovery  of  information  (existing  databases  do 
not  support  recovery  at  the  table  level  from  a  backup  file). 

VII.  SUPPORTED  TOOLS 

Following  are  examples  of  issues  that  need  to  be  addressed 
when  one  is  switching  databases,  in  order  not  to  lose  existing 
functionality: 

DBM  has  a  simplistic  report  generating  tool,  mainly  for 
CAMAC  devices.  The  tool  was  written  years  ago,  and  was 
never  updated  to  support  emerging  driver  types.  This  tool  has 
a  temporary  replacement,  which  replicates  the  functionality, 
supports  new  device  types,  and  is  two  orders  of  magnitude 
faster.  The  intent  is  to  make  this  tool  part  of  an  application 
page,  in  which  the  user  can  even  choose  the  data  fields  desired 
in  the  report. 

There  is  a  special  application  used  by  operations  to  decide 
whicn  properties  of  which  devices  are  important  for  machine 
operations,  to  be  able  to  tell  if  a  restore  went  smoothly  for  all 
the  important  properties.  To  generate  the  data  for  this 
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application,  once  a  week,  DBM  files  are  scanned  to  leam  about 
changes.  Hie  support  for  this  application  is  now  available  in 
the  database,  and  the  information  is  automatically  updated 
when  changes  are  made. 

There  is  a  special  utility  to  load  changes  in  devices  from 
the  linac  control  system  (written  by  William  Marsh).  The 
linac  control  system  has  its  own  device  database,  which  is 
considered  the  source  of  information  about  linac  devices.  The 
utility  produces  DABBEL  files,  and  has  been  converted  to 
generated  the  needed  SQL  to  update  the  relational  database. 

VIII.  DEPLOYMENT 

Unfortunately,  DBM  and  the  new  database  can  not  co-exist. 
Loading  all  DBM  files  into  the  relational  database  takes  close 
to  a  weekend,  and  is  done  infrequently.  We  are  almost  ready  for 
the  switch  (only  the  device  entry  application  is  not  finished 
yet).  A  great  deal  of  testing  took  place,  with  actual 
applications,  and  the  results  were  satisfactory  (the  performance 
tests  where  done  on  VAX  station  4000/60  which  is  7  to  10 
times  slower  then  the  AXP  platform).  The  actual  switch  is 
expected  to  take  place  before  the  end  of  the  accelerator 
shutdown,  this  summer. 

There  is  a  somewhat  surprising  side-benefit  we  are  already 
enjoying,  even  though  we  have  not  switched  databases  yet. 
Since  the  first  time  data  was  loaded  from  DBM  files  to  the 
Sybase  database,  the  relational  database  has  been  used  to  find 
erroneous  device  entries,  provide  ad-hoc  reports,  and  even  find 
bugs  in  DBM  (which  went  unnoticed  for  years).  The 
availability  of  a  good  ad-hoc  access  to  the  data  (using  the  SQL 
interface  provided  by  Sybase)  also  is  also  substituting  the  need 
for  code  development. 


business  applications  enjoyed  for  the  past  two  decades,  are 
now  readily  available  to  real-time  applications. 
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IX.  expansion 

What  is  the  future  of  using  the  new  database  in  the 
Fermilab  control  system?  We  hope  to  move  as  much  as 
possible  private  and  shared  data  used  by  applications  into  the 
database.  The  major  justification  for  that  is  the  simplification 
of  maintenance  of  both  applications  and  of  the  data  used  by 
them.  Other  benefits  are:  improved  performance,  improved 
integrity,  better  control  over  content  and  size,  better  security 
mechanisms,  simplified  system  management. 

Many  new  applications,  taking  advantage  of  the  dynamic 
nature  of  the  new  implementation,  are  also  expected. 
Questions  that  could  not  have  been  answered  before  without 
writing  complex  programs,  are  now  a  SQL  query  away.  New 
tables  are  designed  and  are  waiting  for  data  (e.g.  geographical 
location  of  devices,  to  be  used  for  simplified  alarm  analysis 
and  other  graphical  representations).  Many  of  the 
improvements  in  the  Fermilab  control  system  in  the  next  few 
years  are  expected  to  be  related  to,  and  benefit  from,  the  new 
database. 


x.  Conclusion 

Switching  real-time  control  systems  to  relational  databases 
is  possible  and  very  beneficial.  The  benefits  include: 
simplification  of  application  maintenance,  and  improved 
consistency  and  integrity  of  the  data  stored.  The  same  benefits 
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Abstract  2.  The  major  tasks  performed 


After  the  first  year  of  running  LEP,  it  became  apparent 
that  a  new  generation  of  application  software  would  be 
required  for  efficient  long  term  exploitation  of  the 
accelerator.  In  response  to  this  need,  a  suite  of  accelerator 
control  software  has  been  developed,  which  is  new  both  in 
style  and  functionality.  During  1992  this  software  has  been 
extensively  used  for  driving  LEP  in  many  different 
operational  modes,  which  include  several  different  optics, 
polarisation  runs  at  different  energies  and  8  bunch 
operation  with  Pretzels.  The  software  has  performed  well 
and  has  undoubtedly  enhanced  the  efficiency  of 
accelerator  operations.  In  particular  the  turnaround  time 
has  been  significantly  reduced,  giving  an  increase  of 
around  20%  in  the  integrated  luminosity  for  the  year. 
Furthermore  the  software  has  made  the  accelerator 
accessible  to  less  experienced  operators.  After  outlining 
the  development  strategy,  the  overall  functionality  and 
performance  of  the  software  is  discussed,  with  particular 
emphasis  on  improvements  in  operating  efficiency.  Some 
evaluation  of  the  performance  and  reliability  of  ORACLE 
as  an  on-line  database  is  also  given. 

1.  Brief  history  of  the  project 

In  response  to  requests  from  many  areas,  not  least  the  LEP 
operators  themselves,  during  the  summer  of  1990  the 
authors  began  considering  what  was  required  of 
application  software  for  routine  operation  of  LEP.  Later  in 
the  year  and  into  1991,  these  ideas  were  developed, 
resulting  in  a  rather  detailed  structured  analysis  of  the 
required  functionality  by  spring  1991. 

The  data  flow  diagrams  and  data  dictionary  of  this  analysis 
formed  the  basis  of  software  design  and  data  modelling 
work  which  was  undertaken  between  March  and 
September  1991.  In  parallel  with  the  latter  stages  of  this, 
database  requirements  were  investigated  which  resulted  in 
a  definition  of  the  structure  of  the  on-line  data  and  the 
choice  of  ORACLE  as  the  on-line  database  for  driving 
LEP. 

We  were  thus  in  a  position  from  autumn  1991,  after  one 
year  of  analysis  and  design  work,  to  undertake  module 
coding  and  database  implementation.  This  activity  of 
course  continued  through  implementation  and  testing 
ready  for  first  use  for  operations  in  spring  1992. 


The  software  is  divided  broadly  into  four  distinct  parts, 
each  interacting  directly  with  the  on-line  database.  These 
software  packages  are  either  driven  through  interfaces 
running  under  the  standard  SPS/LEP  console  manager  [1], 
or  through  commands  from  other  software.  This  last 
facility  allows  the  operator  to  control  the  run  by  using  a 
task  sequencer  to  drive  the  new  software.  Before 
discussing  these  four  pieces  of  software  it  is  necessary  to 
understand  something  of  the  underlying  data  organisation. 

2.1  Data  organisation 

The  accelerator  is  divided  into  around  3C  different  systems. 
Within  each  of  these  systems  the  data  is  organised  in  a 
hierarchy,  consisting  of  physics  parameters  at  the  highest 
level,  descending  through  hardware  magnitudes  (which  in 
the  case  of  magnetic  systems  is  the  field  strength)  to 
hardware  settings  such  as  currents.  It  is  these  hardware 
settings  that  are  loaded  into  the  machine.  For  the  most  part 
the  operator  wants  to  interact  with  the  machine  in  terms  of 
physics  parameters,  with  propagation  down  through  the 
hierarchy  to  the  hardware  settings  being  taken  care  of  by 
the  software.  Data  for  each  system  is  described  as 
amplitude  versus  time  functions,  reflecting  the  need  to  take 
LEP  from  injection  energy,  through  an  energy  ramp  to 
physics  energy  and  through  a  vertical  beta*  squeeze  to  the 
physics  optics. 

The  multitude  of  hardware  elements  are  also  grouped  into 
around  20  different  element  groups.  This  makes  it  easier  to 
interact  with  the  hardware  independently  of  any  physics 
interest,  such  as  during  start-up  when  one  wants  to  load 
lots  of  equipment,  or  during  periods  of  equipment 
problems.  The  way  in  which  the  operator  can  interact  with 
any  piece  of  equipment  depends  on  the  equipment  type 
(power  converter,  kicker  etc.),  and  this  interaction  is 
completely  data  driven  from  the  database. 

2.2  Settings  Generation 

The  overall  task  performed  here  is  to  take  the  output  of  the 
MAD  program  and  to  build  settings  in  a  suitable  format 
for  running  the  machine.  That  is  to  say,  this  software 
produces  all  the  data  that  the  other  applications  require. 
The  operator  selects  which  energy  ramp  and  beta*  squeeze 
he  wants  to  be  used  to  make  up  a  LEP  run.  Once  having 
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defined  this,  he  can  create  on  the  database  a  specification 
that  describes  how  he  wants  to  run  the  machine.  This  run 
specification  is  used  to  create  the  full  set  of  functions  that 
are  needed  to  effect  the  mode  of  operation  required.  A 
major  part  of  this  is  to  combine  the  ramp  and  squeeze 
functions  to  produce  functions  that  define  how  the 
machine  parameters  vary  from  the  injection  point  right 
through  to  the  physics  settings.  These  data  form  the  full 
image  of  the  machine. 

In  order  to  work  more  efficiently  on  the  maciiine  when  in 
a  static  state,  we  have  introduced  the  notion  of  a  time  slice 
of  the  machine  settings.  The  most  frequent  examples  of 
this  ate  the  settings  for  accumulation  or  for  physics,  but 
should  the  operator  choose  to  introduce  a  breakpoint  at 
which  to  stop  in  the  middle  of  the  ramp  or  squeeze  for 
whatever  reason,  a  corresponding  set  of  machine  settings 
is  automatically  produced. 

23  Drive  Hardware 

This  software  provides  a  uniform  way  of  sending  all 
requisite  equipment  settings  to  the  relevant  hardware. 
There  are  two  basic  areas  of  applicability;  either  to  load 
settings  to  the  vast  majority  of  equipment,  or  to  load 
setting  changes  to  the  hardware  group  affected  by  a  trim. 
This  functionality  is  possible  because  of  the  structure  of 
the  data,  allowing  one  to  drive  physics  systems,  hardware 
groups  or  individual  pieces  of  equipment 

2.4  Trim  Actual  Settings 

At  a  given  breakpoint  a  time-slice  of  the  active  machine 
functions  exists,  called  the  actual  settings.  These  can  be 
trimmed  either  in  terms  of  physics  parameters  or  at  the 
hardware  magnitude  or  hardware  setting  level.  Again  a 
key  feature  is  a  unified  interface  for  making  trims  to  any 
system  and  at  any  level. 

While  making  trims  at  a  certain  breakpoint,  a  complete 
history  of  the  changes  made  is  kept,  enabling  the  operator 
to  go  back  to  some  previous  state  of  the  machine.  Before 
leaving  the  breakpoint  the  operator  has  the  option  of 
incorporating  the  changes  that  he  has  made  into  the 
functions.  There  is  now  considerable  versatility  in  the  way 
in  which  this  incorporation  is  made.  When  the 
incorporation  is  finished,  the  actual  setting  trim  history  is 
archived  and  all  actual  setting  trims  removed. 

2.5  Trim  Functions 

This  offers  the  ability  to  trim  physics  parameters, 
hardware  magnitudes  of  hardware  settings  defined  as 
functions  of  time  in  the  machine  settings.  This  is 
presently  done  manually  through  a  single  graphical 
interface,  but  we  have  foreseen  the  possibility  to  feedback 
measured  parameters,  thereby  providing  an  auto  trim 


facility.  The  same  program,  without  the  interface,  is  used 
to  incorporate  the  actual  trims  made  at  a  breakpoint 

In  much  the  same  way  as  for  actual  settings  trimming,  a 
complete  history  of  all  function  trims  is  kept,  enabling  the 
operator  to  back  out  to  some  previous  point  in  time.  This 
is  true  whether  the  trim  is  made  by  hand,  by  auto  trim  or 
by  incorporate. 

3.  Software  performance  during  operation 

The  major  applications  described,  and  others, 
communicate  with  each  other  via  the  on-line  database. 
They  are  all  essentially  data  driven,  enabling  new  systems 
or  equipment  groups  to  be  added  without  writing  new 
code.  For  these  reasons  the  structure  of  the  data  is  of 
utmost  importance,  not  least  in  terms  of  the  performance 
of  the  software. 

3.1  Choice  of  ORACLE 

There  are  many  databases  available,  most  of  them 
commercially.  Why  choose  ORACLE,  which  has  little  or 
no  history  of  on-line  implementation  ?  There  are  several 
reasons; 

Complete  set  of  integrated  software  tools 
Available  on  a  wide  variety  of  platforms 
Professional  support  available 
Full  RDBMS  available 
High  level  query  language,  SQL 

Apart  from  these  considerations  we  were  mostly  worried 
about  performance.  Several  benchmark  tests  were  made, 
such  as  the  time  taken  to  perform  a  chromaticity  trim, 
requiring  some  20  functions  to  be  modified  on  the 
database.  These  tests  showed  that  for  the  frequently  used 
applications,  the  response  time  was  the  order  of  seconds 
which  is  considered  to  be  acceptable.  Other  pieces  of 
software,  such  as  generating  the  reference  settings,  can 
take  up  to  a  minute  but  since  they  are  only  run  at  the 
beginning  of  an  operational  period  lasting  weeks,  this  is 
not  a  problem.  Indeed  throughout  the  whole  of  the  year, 
the  database  performed  well  enough  for  the  needs  of 
operations.  It  also  proved  to  be  extremely  reliable. 

3.2  Settings  management 

LEP  was  required  to  perform  in  a  variety  of  different  ways 
during  1992.  For  routine  operation  several  different  optics 
were  used  early  in  the  year  before  the  optimum  one  was 
established.  Each  new  optics  meant  generating  new 
settings  (ramps  and  squeezes)  and  optimising  them  with 
beam.  During  this  the  new  software  performed  well, 
leading  to  a  significant  reduction  of  the  amount  of  time 
required  to  commission  a  new  optics.  Towards  the  end  of 
the  year  this  was  achieved  in  a  few  hours  whereas  in  1991 
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it  always  took  the  best  part  of  a  day. 

Furthermore,  once  a  ramp  had  been  commissioned  it  was 
much  easier  to  keep  track  of  any  variation  in  the  machine 
with  time.  Such  variations  led  in  previous  years  to  a 
reduction  in  the  efficiency  of  accelerating  beam  from  the 
injection  energy  to  physics  energy,  a  figure  of  75%  being 
a  typical  weekly  average.  In  1992  this  figure  was  often 
over  90%,  see  figure  1. 

Figure  1  •  Intensities  at  20  and  45  GeV 


The  time  spent  going  from  physics  conditions,  through 
cycling  the  machine,  accumulation  of  beam  current, 
ramping  and  squeezing  and  back  into  physics  also  plays 
an  important  part  in  the  LEP  performance.  In  1991  the 
mean  time  for  this  was  over  3  hours  for  the  ISO  coasts 
made.  In  1992  this  was  reduced  to  2  hours  10  minutes 
over  the  200  coasts  made  (Figure  2).  In  other  words  some 
200  hours  of  physics  time,  out  of  1700  achieved,  was 
gained  through  this  improvement. 
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3.3  Machine  tuning  and  run  analysis 

The  majority  of  running  in  1992  was  with  a  low  emittance 
optics  to  maximise  the  luminosity.  The  price  to  pay  for 
this  was  that  the  machine  parameters  had  to  very  closely 
monitored  and  controlled  throughout  a  physics  run,  which 
lasted  typically  around  10  hours.  Particularly  during  the 
first  hour  or  two  of  physics  the  operations  team  would  be 
required  to  make  many  changes  to  key  physics  parameters 
such  as  beam  sizes,  betatron  tunes  and  the  closed  orbit. 
All  these  changes  could  be  achieved  through  a  standard 


interface,  allowing  quick  and  clear  actions  on  the 
machine. 

Many  of  the  changes  made  were  empirical  trims,  and  the 
facility  to  revert  back  to  any  previous  machine  state, 
provided  by  the  trim  history,  proved  extremely  useful. 

In  the  longer  term  the  trim  histories  proved  valuable  in 
post-analysis  of  different  runs.  It  was  possible  to  correlate 
changes  in  beam  behaviour  with  trims  made  on  the 
machine.  It  should  be  stressed  that  the  choice  of 
ORACLE  again  proved  to  be  justified  here,  enabling 
these  correlations  to  be  developed  interactively  on  the 
database. 

3.4  MMI 

Finally  a  word  on  the  ease  of  use  of  the  applications.  In 
previous  years,  routine  operation  of  LEP  had  been 
performed  essentially  by  the  engineer  on  shift  It  had 
proved  very  difficult  to  delegate  tasks  to  technicians, 
partly  because  of  the  complexity  of  operation  but  also 
because  of  the  way  the  information  was  presented  to  him. 
With  the  new  software  in  use  during  1992,  less 
experienced  operators  have  felt  much  more  comfortable 
and  have  been  able  to  work  effectively  on  the  machine. 

4.  Conclusions 

The  new  applications  software  for  driving  LEP  has  made 
an  important  contribution  to  the  operation  of  the  machine 
during  1992.  The  estimated  gain  in  integrated  luminosity 
is  of  order  20%.  The  look  and  feel  of  the  software  has 
made  the  accelerator  more  accessible  to  less  experienced 
operators. 
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Abstract 

We  describe  a  software  system  used  at  the  Advanced  Light 
Source  for  accelerator  physics  studies  and  accelerator  control. 
The  system  consists  of  a  number  of  Unix  processes  that  can  be 
connected  together  in  modular  ways.  Processes  communicate 
using  messages  with  a  common  data  format,  but  processes  do 
not  know  where  their  messages  come  bom  or  go  to,  making  each 
process  easily  replaceable  by  others  using  different  algorithms, 
measurement  techniques,  or  models.  Some  of  the  controls  and 
correction  functions  we  have  implemented  using  the  system  are 
closed-orbit  correction,  continuous  tune  display,  and  Fourier 
analysis  of  turn-by-turn  beam  position  monitor  (BPM)  data. 

Introduction 

Over  the  lifetime  of  an  accelerator,  and  particularly  in  the 
commissioning  phase,  programs  which  measure  and  correct 
machine  parameters  can  change  significantly.  For  instance, 
at  the  ALS  our  current  orbit  correction  algorithm  is  the  lo¬ 
cal  bump  method,  but  we  plan  to  implement  an  algorithm 
based  on  Singular  Value  Decomposition  in  the  near  future. 
As  diagnostics  come  on  line  and  are  better  understood, 
preferred  methods  for  measuring  a  particular  parameter 
change.  Currently  we  use  a  model  to  calculate  tunes  from 
magnet  currents,  but  soon  we  will  read  the  tunes  from 
a  spectrum  analyser,  or  perform  an  FFT  of  turn-by-turn 
data  from  the  BPM’s.  These  circumstances  cry  out  for  a 
modular,  flexible  approach,  so  that  new  correction  algo¬ 
rithms  or  measurement  techniques  can  be  substituted  and 
compared  easily. 

Toolbox  Philosophy 

We  have  long  advocated  a  “toolbox”  approach  to  build¬ 
ing  accelerator  simulation  and  control  software[l].  This 
approach  emphasizes  building  applications  by  plugging  to¬ 
gether  modular,  single-function  programs.  The  goal  is 
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to  avoid  monolithic,  buggy,  hard-to-maintain  applications, 
and  instead  to  stress  having  the  flexibility  to  rapidly  piece 
together  new  applications  as  the  need  arises. 

Crucial  to  this  approach  is  the  modularity  of  the  indi¬ 
vidual  programs  that  comprise  the  toolbox.  Each  of  these 
programs  must  be  wholly  self-contained;  if  we  are  to  be 
able  to  connect  the  programs  together  in  unforeseen  ways, 
the  programs  must  not  assume  anything  about  what  other 
programs  they  might  communicate  with. 

We  can  achieve  this  degree  of  modularity  by  making  the 
programs  event-oriented.  By  event-oriented,  we  mean  that 
we  write  programs  in  terms  of  events  they  receive,  telling 
them  what  to  do;  and  events  they  generate,  publishing  the 
results  of  whatever  they  did.  Each  event  is  a  name  (e.g., 
“compute  tune”)  and  a  value  (typed  data  associated  with 
the  event).  Event  values  can  be  quite  large,  as  programs 
may  have  to  communicate  a  large  amount  of  data  (e.g., 
computed  f3x  and  (3y  values  at  every  BPM  and  corrector). 

Programs  do  not  know  anything  about  where  the  events 
they  receive  came  from,  nor  where  the  events  they  generate 
go  to.  In  this  way,  programs  remain  completely  modular. 
By  making  the  events  generated  by  one  program  become 
the  events  received  by  another,  we  can  forge  a  new  ap¬ 
plication  from  the  two  programs  even  though  neither  was 
written  with  any  knowledge  of  the  other. 

The  Glish  Software  Bus 

An  environment  for  connecting  together  these  sorts  of 
modular  programs  is  sometimes  called  a  software  bus,  in 
analogy  with  hardware  busses  that  enable  independently- 
designed  hardware  components  to  communicate.  The  soft¬ 
ware  bus  we  use,  called  G/»sA[4],  was  designed  with  accel¬ 
erator  applications  in  mind. 

While  programs  are  written  for  use  with  Glish  in  an 
event-oriented  style,  Glish  does  not  limit  the  names  of  the 
events  used  by  a  program  nor  the  structure  of  the  asso¬ 
ciated  data.  At  first  this  might  seem  like  granting  the 
program  writers  too  much  freedom,  since  how  can  the  pro¬ 
grams  communicate  if  they  don’t  agree  on  data  formats 
and  naming  conventions? 

The  answer  lies  in  Glish ’s  chief  strength:  Glish  provides 
an  interpreted  scripting  language,  similar  to  that  used  in 
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shell  programming,  for  piecing  together  applications  from 
individual  Glish  programs.  These  scripts  not  only  specify 
which  programs  to  run,  but  can  dynamically  control  what 
should  be  done  whenever  any  of  the  programs  generates 
a  particular  event.  Here,  “what  should  be  done”  includes 
possibly  routing  the  event  to  another  program  (perhaps 
renaming  it),  and  modifying  the  event’s  associated  data. 
Thus  Glish  offers  a  powerful  sort  of  “glue”  that  we  can 
use  both  to  connect  disparate  programs,  and  to  overcome 
their  incompatibilities.  If,  for  example,  we  want  to  use  pro¬ 
grams  written  with  different  physical  units,  or  sign  conven¬ 
tions,  or  data  structures,  a  Glish  script  can  readily  provide 
on-the-fly  conversion  between  the  two  programs,  without 
requiring  any  modification  of  any  source  code. 

A  final  benefit  of  Glish  is  that  it  supports  transparent 
networking.  Glish  programs  can  run  on  different  hosts  and 
never  know  that  their  events  travel  over  a  network. 

Orbit  Correction  Application 

One  of  our  principle  simulation  and  control  applications 
for  the  ALS  is  orbit  correction.  The  present  application 
we  describe  here  evolved  from  that  described  in  [3]. 

On  the  face  of  it,  correcting  the  orbit  of  an  accelerator 
is  a  simple  task.  Given  the  machine’s  current  trajectory, 
calculate  the  corrector  settings  necessary  to  flatten  the  tra¬ 
jectory;  apply  the  new  settings;  and  we’re  done.  So  simple 
that  we  might  be  tempted  to  write  a  single  program  to 
deal  with  the  entire  task. 

In  reality,  though,  many  other  factors  enter  into  the  ap¬ 
plication,  and  greatly  complicate  it.  Correctors  or  moni¬ 
tors  may  be  broken,  disabled,  or  untrustworthy.  We  might 
need  to  use  different  hardware  to  read  the  first  turn  tra¬ 
jectory,  before  beam  is  stored,  than  the  closed  orbit,  and  a 
different  correction  algorithm  in  the  two  cases.  We  might 
want  to  average  the  position  readings  over  a  variable  num¬ 
ber  of  turns.  Beam  position  monitors  (BPMs)  have  offsets 
due  to  engineering  errors,  correctors  have  calibration  fac¬ 
tors  for  converting  between  radians  of  angle  and  amperes 
of  current.  We  may  have  to  apply  corrections  in  steps,  to 
avoid  risking  beam  loss  from  overzealous  correction.  We 
may  be  able  to  use  nominal  phase  and  beta  information 
for  the  accelerator,  or  want  to  calculate  more  precise  val¬ 
ues.  Our  “goal  orbit”  may  change  from  a  flat  trajectory 
for  stored  beam,  to  a  betatron  oscillation  when  injecting. 

Finally,  we  want  a  single  application  that  can  correct  the 
orbit  for  both  the  ALS  booster  and  the  storage  ring,  taking 
into  account  all  of  the  above  factors.  And  we  want  to  use 
this  same  application  on-line,  correcting  the  actual  orbit, 
off-line  for  simulation  using  a  modeling  program  instead  of 
the  actual  hardware,  and  with  data  we  previously  archived, 
to  try  alternative  correction  strategies. 

Figure  1  shows  how  we  built  the  orbit  correction  ap¬ 
plication  using  Glish.  The  boxes  along  the  left  and  right 
edges  represent  different  Glish  programs,  all  of  which  con¬ 
nect  to  the  central  software  bus.  The  dotted  box  at  the 


bottom  represents  static  information  that  the  Glish  inter¬ 
preter  reads  from  data  files  and  disseminates  to  those  pro¬ 
grams  needing  it. 

The  “Simulation  /  Accelerator”  box  represents  one  of 
two  programs:  either  our  modeling  program  (Teapot),  for 
simulating  orbit  correction,  or  access  to  the  actual  accel¬ 
erator  hardware,  for  on-line  orbit  correction.  The  Glish 
script  picks  which  of  these  two  programs  to  use  based  on 
the  script’s  run-time  arguments. 

Arrows  indicate  the  events  received  and  produced  by 
each  program.  Note  that  there  is  nof  necessarily  a  one- 
to-one  correspondence  between  an  event  produced  by  one 
program  and  an  event  sent  to  another  program.  Sometimes 
the  Glish  script  itself  deals  directly  with  these  events.  For 
example,  while  the  User  Interface  might  request  the  cur¬ 
rent  trajectory  using  a  “get  orbit”  event,  the  Glish  script 
decides  whether  to  pass  that  event  along  to  Simulation  / 
Accelerator  as  a  “get  closed  orbit”  event,  or  whether  to 
use  the  separate  program  for  First  Turn  BPM  Readouts. 
In  the  latter  case,  the  script  must  send  several  different 
events  to  the  program,  one  first  to  trigger  the  hardware, 
and  then  ones  to  read  the  X,  Y,  and  signal  sum  values. 
Each  of  these  elicits  a  separate  event  in  response. 

Picking  between  these  two  sources  for  the  current  or¬ 
bit  illustrates  a  key  point:  the  system  can  accommodate 
two  very  different  ways  of  getting  the  beam  position  data, 
and  it  does  so  transparently  to  ail  of  the  other  programs 
involved  in  the  application. 

The  orbit-correction  application  achieves  all  of  the  goals 
outlined  above:  we  use  it  for  both  the  ALS  booster  and 
the  storage  ring,  both  on-line,  off-line  to  examine  archived 
data,  and  off-line  for  simulation.  A  considerable  amount 
of  the  application  is  done  directly  in  the  Glish  script:  con¬ 
verting  between  the  units  and  sign  conventions  used  by  the 
different  programs,  incorporating  BPM  offsets  and  correc¬ 
tor  calibration  factors,  averaging  trajectories  over  multiple 
turns,  applying  fractional  corrections,  modifying  first-turn 
readings  based  on  the  signal  sum  values,  computing  trajec¬ 
tory  and  correction  statistics,  and  enforcing  “fixed  status” 
(e.g.,  “always  off”)  for  devices  whose  status  is  erroneously 
reported  by  the  hardware. 

Turnplot  Application 

Another  application  we  built  using  Glish  is  turnplot,  a  pro¬ 
gram  for  analyzing  beam  position  data[2].  Turnplot  is 
structurally  simpler  than  orbit  correction,  but  maintains 
the  property  that  it  can  be  run  on  either  the  ALS  booster 
or  the  storage  ring,  using  either  live  hardware  readings, 
tracking  data  produced  by  a  modeling  program,  or  previ¬ 
ously  archived  data.  Turnplot  can  analyze  either  a  single, 
full  turn  of  data  (taken  at  each  BPM),  or  an  orbit  scanned 
over  every  nth  turn  at  a  specified  BPM. 

Turnplot  can  display  tracking  data  as  a  turn-by-turn 
point  plot,  as  a  phase  space  plcc,  or  as  X/Y  data.  In  addi¬ 
tion,  we  can  FFT  tracking  data  to  identify  probable  X,  Y, 
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Figure  1:  Structure  of  Orbit  Correction  Application 


and  synchrotron  tunes,  display  harmonics  associated  with 
those  tunes,  select  alternate  FFT  peaks  if  a  peak  found  au¬ 
tomatically  appears  unlikely,  and  display  resonance  plots 
for  the  identified  tunes. 

Tuneplot  Application 

A  third  application  is  tuneplot,  for  analyzing  and  control¬ 
ling  the  machine  tune.  Tuneplot  displays  the  current  tune 
values  on  a  resonance  diagram.  Like  turnplot,  tuneplot  has 
no  knowledge  of  where  the  tune  values  come  from,  so  they 
can  be  changed  transparently,  including  using  a  spectrum 
analyzer,  the  BPM  hardware,  and  values  computed  from 
the  present  magnet  currents.  Because  whenever  tuneplot 
is  sent  a  “tune  read  back”  event  it  updates  its  display, 
we  can  use  tuneplot  to  continuously  display  the  tune,  com¬ 
puted  in  “real  time”,  without  the  program  having  any  spe¬ 
cial  provision  for  such  a  display. 

Future  Work 

Other  applications  planned  and  in  progress  are  one  to  mear 
sure  and  correct  chromaticity,  another  to  measure  and  cor¬ 
rect  betas  (both  by  varying  quadrupole  strengths  and  mea¬ 


suring  tunes,  and  by  reading  turn-by-turn  data  from  all 
the  BPM’s  while  exciting  a  betatron  oscillation),  one  to 
measure  and  correct  dispersion,  and  one  to  measure  and 
correct  linear  coupling. 
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Abstract 

We  have  developed  a  Machine  Physics  Application  Pro¬ 
gram  (MPAP)  package  for  control,  commissioning  and  er¬ 
ror  finding  to  be  used  on  the  SRRC  storage  ring  with  user 
friendly  graphic  interface.  The  program  gives  on-line  ma¬ 
chine  parameters  as  well  as  Twiss  functions  together  with 
the  machine  elements  in  graphic  form.  It  supported  the 
following  capabilities:  machine  modeling,  orbit  corrections 
and  adjusting,  tune  adjustments,  error  findings  for  the 
misaliment  and  strength  setting,  etc.  The  code  is  writ¬ 
ten  in  ANSI  C  and  can  be  imported  to  both  VAX  and 
UNIX  operating  systems  which  support  the  standard  X- 
window/Motif.  The  arrangements  of  the  code  is  in  such  a 
way  that  the  interface  with  the  on-line  Control  Data  Base 
can  be  easily  implemented  for  use  on  any  machine.  It  can 
be  used  both  for  on-line  control  and/or  for  off-line  analysis. 

1.  Introduction 

To  aid  the  commissioning  and  operation  of  the  1.3  Gev 
electron  storage  ring  dedicated  for  synchrotron  radiation 
we  have  developed  a  Machine  Physics  Application  Pro¬ 
gram  (MPAP)  package  using  ANSI  C  combined  with  X- 
window/Motif  which  provides  friendly  user  graphic  inter¬ 
faces  in  real  operations. 

Since  only  ANSI  C  are  used  in  the  coding,  the  program 
can  be  compiled  and  run  in  both  VMS  and  UNIX  ma¬ 
chines.  This  flexibility  will  allow  the  program  to  be  used 
in  the  VMS  machines  ,  which  is  being  used  in  the  control 
system  at  SRRC  at  this  moment,  and  in  the  UNIX  ma¬ 
chines  which  becomes  more  and  more  popular  among  the 
accelerator  communities  around  the  world. 

The  package  can  be  used  both  for  on-line  control  and 
for  off-line  analysis.  For  the  on-line  version,  an  interfacing 
program  linked  the  Machine  Physics  Application  Programs 
directly  with  the  Control  Data  Base  .  Because  of  the  mod¬ 
ule  structure  of  the  programming,  implementation  of  the 
program  on  other  machines  is  straightforward. 

2.  Overview  of  MPAP 

Fig.  1  shows  the  essentia]  struct  ure  of  the  package.  The 
package  is  composed  of  several  individual  modules.  Inter¬ 
communications  between  different  modules  are  facilitates 
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Figure  1:  The  structure  of  SRRC/Beam  Dynamics  Group’s 
MPAP. 


by  various  text  files.  The  program  is  started  by  reading 
the  appropriate  Beamline  files  which  contains  the  relevant 
machine  element  data  for  the  beamline  to  be  studied.  A 
control  panels  provide  the  possibilities  of  switching  among 
different  selections  of  the  relevant  data.  Convenient  file 
management  facilities  are  provided  for  saving  and  restor¬ 
ing  of  the  data  for  future  analysis.  The  necessary  data  such 
as  the  BPM  readings  and  the  current  settings  can  also  be 
obtained  directly  from  the  Control  Data  Base(CDBS)  di¬ 
rectly. 

Currently  supported  facilities  include:  machine  model¬ 
ing,  machine  parameters  and  Twiss  functions  calculation, 
orbit  corrections  for  both  transport  lines  and  storage  rings, 
chromaticity  calculation  and  adjustments,  adjustment  of 
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Figure  2:  The  COD  of  SRRC  Storage  Ring  before  vertical 
correction  (RMS- Vertical  =  2.405  mm). 


Figure  3:  The  COD  of  SRRC  Storage  Ring  after  vertical 
correction  with  SME  method  (RMS- Vertical  =  1.028  mm). 


Figure  4:  The  best  COD  of  SRRC  Storage  Ring  currently 
with  Energy  =  1.3026  GeV  (R MS- Horizontal  =  0.4915 
mm;  RMS- Vertical  =  0.2823  mm). 

launching  conditions,  emillance  measurements,  etc.  Con¬ 
trol  panel  and  the  graphical  display  of  the  relevant  quanti¬ 
ties  are  provided  for  each  of  the  application  modules.  Rel¬ 
evant  machine  parameters  and  Twiss  functions  are  calcu¬ 
lated  and  exhibition  in  graphic  form  for  easy  apprehension. 
We  will  demonstrate  the  MPAP  in  detail  for  an  explicit  us¬ 
age  on  orbit  correction  in  SRRC  commissioning  in  the  next 
section. 

3.  Orbit  Correction 

Currently  there  are  three  methods  of  orbit  corrections 
are  available:  MICADOfl],  beam  bump  method,  and  also 
SME  (which  automatically  includes  bounds  on  the  current 
settings).  Fig.  2  shows  an  output  panel  for  orbit  cor¬ 
rection.  The  upper  half  and  the  lower  half  of  the  panel 
exhibits  in  graphical  form  the  DPM  readings  of  the  Closed 
Orbit  Distortions(COD)  in  the  horizontal  and  the  verti¬ 
cal  plane  respectively.  The  middle  region  shows  the  cor¬ 
responding  machine  elements.  The  appropriate  machine 


parameters  (such  as  the  Corrector-to-BPM  response  func¬ 
tions  may  be  obtained  directly  from  the  control  panel.) 
Zooming  for  the  machine  elements  and  for  the  COD  values 
as  well  as  the  setting  values  of  the  correctors  are  achieved 
by  suitable  clicking  of  the  mouse  on  the  panel.  Shown  on 
the  top  part  and  the  bottom  part  of  the  panel  are  the 
graphical  exhibition  of  the  corresponding  tunes  in  each 
plane.  In  this  example,  the  behavior  of  the  vertical  BPM 
errors  are  very  similar  to  the  phase  advance  of  the  machine, 
indicating  that  a  single  corrector  could  be  very  effective  in 
reducing  the  errors.  This  is  in  Fig  3.  which  shows  the 
results  of  the  vertical  BPM  errors  after  applying  a  single 
corrector.  In  agreement  with  theoretical  calculation,  the 
RMS  of  the  COD  errors  in  the  vertical  plane  is  reduced 
from  2.41  mm  down  to  1.03  mm  by  application  of  a  sin¬ 
gle  corrector  indicated  in  the  panel  by  the  single  bar.  The 
values  of  the  corrector  strength  is  given  by  the  length  of 
the  bar. 

To  further  reduce  the  rms  of  the  COD  values,  we  may 
use  the  package  to  find  the  desired  settings  for  the  cor- 
recors.  After  the  setting  values  of  the  correctors  which 
produce  satisfactory  trajectories  have  been  found  we  may 
use  the  package  to  set  the  combined  settings  of  correctors 
in  the  machine.  If  necessary,  we  can  divide  the  settings 
in  a  desired  number  of  steps  (with  fixed  ratios  between) 
and  watch  directly  the  response  of  the  BPM  values  step 
by  step.  Fig  4.  shows  the  results  after  such  an  applicar 
tion.  The  RMS  values  of  the  COD  errors  in  the  horizontal 
plane  and  the  vertical  plane  is  0.49  mm  and  0.28  mm  re¬ 
spectively.  The  bars  shown  represents  the  strengths  of  the 
correctors. 

4.  Error  Findings 

Error  finding  facilities  of  the  package  are  still  in  the  pro¬ 
cess  of  developing  and  improvement.  However  since  we 
may  use  the  package  to  obtain  the  relevant  parameters 
and  Twiss  functions,  and  these  values  can  be  checked  with 
the  observed  behavior  of  the  machine  to  detect  possible 
errors  of  the  machine  settings.  For  example,  in  the  pro¬ 
cess  of  correcting  the  COD  values,  if  the  BPM  readings 
did  not  improve  at  each  substeps  of  corrector  settings,  it 
will  indicate  that  there  is  probable  some  setting  errors. 

In  a  more  quantitative  example,  we  may  subtract  the 
BPM  readings  of  the  COD  errors  after  each  correction 
from  the  those  values  before  correction  and  compare  the 
difTerece  of  these  BPM  values  with  the  calculated  response 
function  from  the  package.  It  is  worthwhile  to  remem¬ 
ber  that  the  linear  contributions  of  alignment  errors  has 
been  eliminated  by  the  subtraction  process.  Fig.  5  and 
Fig  6  shows  such  a  comparison  for  vertical  orbit  correcting 
and  horizontal  orbit  correcting  respectively.  The  agree¬ 
ment  in  the  vertical  plane  is  almost  perfect.  This  means 
that  the  modeling  for  the  vertical  beta  functions  and  the 
BPM  readings  are  essentially  correct.  However,  in  the  hor¬ 
izontal  plane,  the  real  response  functions  of  the  machine 
has  an  overall  factor  of  about  1.7  comparing  with  the  cal¬ 
culated  ones.  From  the  expression  of  the  COD  increments 
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Figure  5:  Comparison  of  the  measured  AY  and  simulated 
COD  change  by  the  correctors  witli  specified  strengths. 
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Figure  6:  Comparison  of  the  measured  AA'  and  simulated 
COD  change  as  well  as  (1.7x)  simulated  COD  change  by 
the  correctors  with  specified  strengths. 

at  the  monitors 

Axm  =  y;  cos(  vu  - 1  <f>k  -  <j>m  i)  (i) 

“  2  sin  in/ 

k 

where  /?*  and  /?m  are  the  values  of  the  beta  functions  at 
the  correctors  and  monitors  respectively,  we  find  that  the 
most  probable  source  of  the  errors  are  due  to  errors  of 
tune  values.  The  major  reason  of  this  error  comes  from  an 
energy  error.  A  subsequent  readjustment  of  the  machine 
settings  using  this  information  brought  the  model  in  close 
agreement  with  most  of  the  experimental  results  such  as 
tune  measurements  and  beta  function  measurements  in  the 
commissioning  of  SRRC  storage  ring  and  is  very  close  to 
the  original  design[2j. 

5.  Summary 


The  MPAP  package  developed  by  SRRC  has  been  suc¬ 
cessfully  applied  in  the  commissioning  of  the  SRRC  1.3 
Gev  electron  storage  ring  dedicated  for  synchrotron  radi¬ 
ation  in  Taiwan  which  has  just  finished  construction  and 
installation.  The  module  of  the  package  should  allow  the 
package  to  be  easily  used  in  any  accelerators. 
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Abstract 

An  online  facility  has  been  developed  for  SLC  to  orga¬ 
nize  and  simplify  the  management  of  all  problems  encoun¬ 
tered  in  the  operation  of  the  accelerator.  CATER  (Com¬ 
puter  Aided  TVouble  Entry  and  Reporting)  may  be  used  to 
make  the  initial  entry  of  a  problem,  to  enter  one  or  more 
solutions  to  a  problem,  to  modify  or  closeout  a  problem, 
to  generate  a  variety  of  pre-defined  reports  giving  status 
and  statistical  summaries,  and  to  allow  anyone  to  browse 
the  database.  All  phases  of  CATER  can  take  place  on 
the  operator  console,  workstations,  or  on  any  ANSI  com¬ 
patible  terminal.  The  user  interface  is  designed  around  a 
menu  driven  windowed  environment  with  a  large  amount 
of  context  sensitive  help  information  to  alleviate  the  need 
for  consulting  user  documentation.  Currently,  the  CATER 
database  contains  information  on  more  than  30,000  prob¬ 
lems  entered  since  it  went  online  in  January  of  1988.  The 
features  of  the  software  and  some  implementation  details 
will  be  presented. 

Introduction 

In  the  early  days  of  SLC  operation,  hardware  and  soft¬ 
ware  problems  were  reported  and  tracked  by  the  “yellow- 
sticky”  and  other  paper-based  methods.  It  was  apparent 
early  on  that  some  more  reliable  method  of  tracking  the 
many  machine  problems  was  needed.  The  initial  attempt 
to  implement  a  problem  tracking  software  system  failed 
mostly  because  of  a  lack  of  user  acceptance.  For  the  sec¬ 
ond  attempt,  it  became  clear  that  like  a  good  business, 
the  system  had  to  cater  to  the  needs  of  the  users  first  if  it 
was  to  be  accepted.  CATER  was  thus  designed  with  the 
following  general  requirements: 

1.  Above  all  it  had  to  be  easy  to  use  with  a  minimum 
of  instruction  and  keystrokes. 

2.  It  had  to  run  on  any  of  the  terminals  then  in  use  at 
SLAC. 

3.  It  had  to  keep  all  problems  in  a  database  for  histor¬ 
ical  analysis. 

4.  It  had  to  be  fairly  easy  to  modify  so  it  could  adapt  to 
changes  in  the  physical  accelerator  and  management 
structure. 

General  Features 

At  any  point,  a  given  problem  is  either  Unsolved  (has 
no  solution),  Solved  (has  one  or  more  solutions)  or  Closed 
(solved  and  a  supervisor  agrees  that  it’s  fixed).  Thus  from 
the  main  menu  there  are  separate  CATER  functions  to  re¬ 
port,  solve  and  close  a  given  problem.  Also  from  the  main 
menu  are  additional  functions  to  modify  existing  unclosed 
problems  or  solutions,  generate  canned  reports  and  browse 
the  database. 

For  consistency,  the  operation  of  all  screens  in  CATER 
is  as  similar  as  possible.  Figure  1  shows  the  hardware 
problem  report  screen  as  it  appears  when  reporting  a  new 
problem  which  we’ll  use  to  show  the  operations  common 
to  all  screens. 


★  Work  supported  by  Department  of  Energy  contract 
DE-AC03-76SF00515. 


Figure  1.  Hardware  problem  report  screen 

1 .  All  allowable  control  options  are  highlighted  at  the 
bottom  of  the  screen.  Control  key  sequences  are 
used  for  most  control  options  because  there  is  little 
overlap  in  function  key  mappings  between  the  vari¬ 
ous  terminals  and  emulators  on  which  CATER  can 
be  run. 

2.  Online  help  is  available  for  every  field.  This  help 
information  includes  any  validation  which  is  per¬ 
formed.  If  the  field  is  limited  to  a  set  of  spe¬ 
cific  entries,  the  help  lists  them  and  the  minimum 
keystrokes  required  for  each  entry. 

3.  Within  a  field  the  user  can  edit  the  text  using  the 
arrow  keys  and  switching  the  entry  mode  to  insert 
or  overstrike. 

4.  The  user  can  move  back  and  forth  to  the  next  or  pre¬ 
vious  field  as  many  times  as  desired  until  all  data  is 
entered  satisfactorily.  Until  the  user  enters  CTRL-Z 
to  execute  the  function,  the  cancel  option  (CTRL- 
C)  is  always  available  which  returns  to  the  previous 
menu  without  making  any  database  changes. 

Problem  Reporting 

Again  refer  to  Figure  1,  the  hardware  problem  report 
screen.  The  software  screen  is  similar  but  with  different 
fields  after  “Urgency”.  For  the  problem  and  solution  entry 
forms  there  are  some  additional  items  of  note: 

1.  Required  fields  are  enclosed  in  brackets.  CATER 
insists  that  you  make  a  valid  entry  in  these  fields. 

2.  Initial  default  values  are  entered.  For  the  hardware 
problem  report  this  includes  the  users  id,  name  and 
problem  priority. 

3.  Both  the  problem  report  and  solution  forms  have  a 
10  line  free  form  description  field  used  to  describe 
the  problem  or  solution.  As  in  single  line  fields, 
the  arrow  keys  and  entry  mode  can  be  used  to  do 
simple  editing.  For  this  multi-line  field,  carriage- 
return  goes  to  the  next  line  as  you  would  expect. 
The  TAB  or  CTRL-B  must  be  used  to  go  to  the 
next  or  previous  field  respectively. 
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An  interesting  historical  anecdote  reveals  how  impor¬ 
tant  it  is  for  any  widely  used  system  to  adapt  to  the  user’s 
needs.  The  initial  system  had  two  lists  of  supervisors;  one 
for  hardware  problems  and  one  for  software.  After  a  prob¬ 
lem  was  entered,  it  was  mailed  to  the  appropriate  list.  It 
turned  out  that  the  hardware  people  were  usually  in  the 
field  and  rarely  read  electronic  mail  and  so  their  problems 
were  just  stacking  up!  While  the  specific  printer  details 
have  evolved  over  the  years,  we  automatically  print  new 
hardware  problems,  email  software  ones  and  everybody’s 
happy. 

Except  for  the  distribution  list,  the  email  of  software 
problems  has  remained  unchanged  since  CATER’s  initial 
release.  Hardware  problem  distribution  on  the  other  hand, 
has  been  modified  several  times,  reflecting  organizational 
and  personnel  changes.  At  the  present  time  a  hardware 
problem  is  assigned  to  a  default  shop  based  on  several 
problem  criteria.  The  reporter  can  change  the  default  if 
desired  and  when  the  problem  is  entered  it  is  immediately 
printed  on  that  shop’s  printer.  This  has  served  to  expedite 
the  solution  of  hardware  problems  since  most  problems  go 
directly  to  those  responsible  for  fixing  them  without  the 
necessity  of  logging  in  to  the  computer  system. 

Solving  A  Problem 

Once  a  problem  has  been  completely  or  partially  fixed, 
the  solver  enters  a  solution  into  the  database.  Any  number 
of  solutions  can  be  entered  for  a  given  problem.  Figure  2 
shows  the  solution  entry  of  a  previously  solved  hardware 
problem.  As  with  the  problem  entry,  there  are  a  set  of 
required  fields  and  some  default  values  are  supplied. 


CATER  -  Hardware  Problem  Report  Information 


CATER  -  Hardware  Problem  Solution  Information 


CATER  -  Solution  to  Hardware  Problem) 


Your  Userid  : (PMIPAT  J  Oate/Tlme  6-NAY-1913  09: 13 

Your  Name  : {Patrick  Conroy  ) 

Hour*  to  Solve  :  |  Problem  Humber  31659 

Solution  was  :  [  J  Solution  Number 

(A)  Adjust /repair,  (R)  Replace.  (E)  Entwee/NBdify,  <N)  No  trouble  found 
Exchange  Unit-FRU  : 

Old  te-iel  number  i 
New  serial  number  : 

Documentation  : [Unknotet  1 

Schematic  number 
Ready- to-C lose  Y/N: {Yes) 

Solution  description.  <CR>  next  line  and  <TA3>  to  validate  description. 
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Figure  2.  Hardware  problem  solution  entry  screen 


In  this  case  there  have  been  previous  attempts  to  solve 
the  problem  and  while  entering  yet  another  solution  you 
have  immediate  access  to  the  initial  problem  entry  and 
all  solutions  to  date.  By  using  the  PF1  and  PF2  keys  as 
indicated,  you  can  expose  the  buried  problem  and  solution 
windows  and  scroll  through  all  previous  solutions.  If  this 
is  the  first  solution  entry  to  a  previously  unsolved  problem, 
the  problem  status  automatically  changes  from  Unsolved 
to  Solved. 

Modifying  Problems  and  Solutions 

It  is  frequently  useful  to  modify  the  fields  of  an  ex¬ 
isting  problem  or  solution.  Additionally,  not  all  fields  in 
a  problem  description  (such  as  who  is  assigned  to  fix  it) 
are  available  to  the  initial  reporter.  The  modify  function 
allows  supervisors  to  change  any  field  in  an  existing,  Un¬ 
closed  problem.  Typical  reasons  for  modifications  include: 

•  Add  to  the  problem  description. 

•  Change  the  person  or  shop  to  which  the  problem  is 
assigned. 

•  Change  the  problem’s  urgency 

When  the  modified  problem  is  entered  into  the 
database,  the  modifier  has  the  option  of  re-distributing  the 
modified  problem  in  the  same  way  as  if  it  were  initially 
entered.  This  again  allows  the  immediate  notification  of 
maintenance  personnel  of  any  change  in  a  problem’s  sta¬ 
tus. 


Closing  Problems 

When  a  problem  has  been  solved  to  everyone’s  satis¬ 
faction,  a  supervisor  is  responsible  for  officially  closing  it. 
Figure  3  shows  the  closeout  screen. 
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CATER  -  Closeout  a  Problem 
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Figure  3.  Problem  closeout  screen 
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As  before,  the  report  and  all  solutions  are  available 
for  immediate  review  by  burying  windows  and  scrolling 
through  multiple  solutions.  The  user’s  id  and  name  are 
filled  in  and  validated  against  a  list  of  authorized  closers 
before  the  status  of  the  problem  is  officially  changed  to 
Closed  in  the  database. 

Reports  &  Database  Browsing 
Figure  4  shows  the  first  level  report  screen. 


CATER  -  Report  Summary  Options 
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T| 
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Figure  4.  First  level  report  screen 

If  you  enter  one  of  the  numbers,  CATER  generates  the 
appropriate  pre-defined  report  on  a  printer  of  your  choice. 
This  is  submitted  as  a  batch  job  and  returns  immediately 
so  you  can  do  other  CATER  work  while  it’s  printing.  If 
you  enter  ‘H’  or  ‘S’,  you  get  a  “compose-it-yourself’  screen 
for  browsing  the  database.  Figure  5  shows  the  hardware 
browsing  screen.  There  are  several  things  to  note  about 
this  screen: 

1.  You  can  direct  the  output  to  a  printer,  have  it  dis¬ 
played  on  your  screen  or  written  to  a  file  for  dispo¬ 
sition  as  you  choose. 

2.  The  output  format  can  be  an  abbreviated  one  liner 
for  each  selected  problem,  a  full  display  of  the  prob¬ 
lem  and  all  solutions  or  the  data  can  be  written  to  a 
file  in  an  ’export’  format,  suitable  for  incorporation 
into  a  PC  spreadsheet  or  database. 

3.  You  can  enter  selection  criteria  for  any  of  the  prob¬ 
lem  or  solution  fields  augmented  with  the  opera¬ 
tors  listed  at  the  bottom  of  the  screen.  This  allows 
almost  unlimited  read  access  to  the  database  in  a 
simple  manner. 

Implementation 

CATER  was  implemented  in  late  1987  before  work¬ 
stations  and  GUI  interfaces  were  available  or  popular 
at  SLAC.  Indeed,  many  of  the  CATER  users  still  use 
VTXXX  compatible  terminals  or  emulators  which  are  lo¬ 
cated  throughout  the  accelerator  to  access  the  system.  The 
basic  tools  used  to  construct  CATER  were: 

1.  SMG,  a  set  of  screen  management  routines. 
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Figure  5.  Hardware  browsing  screen 


2.  Rdb,  DEC’s  relational  database  and  associated 
tools,  precompilers  etc.. 

3.  VAX  “C”  programming  language. 

The  SMG  routines  are  fairly  low  level  so  the  CATER 
program  has  a  set  of  data  structures  which  define  the 
screen  layouts,  fields  and  their  validation.  This  means 
that  the  screens  are  decoupled  from  the  database  so  when 
new  database  fields  are  added,  they  must  also  be  manually 
added  to  the  appropriate  screens.  This  is  the  most  tedious 
and  error  prone  aspect  of  CATER  software  maintenance. 
We  considered  migrating  to  Oracle  a  few  years  ago  to  make 
maintenance  easier.  We  ultimately  decided  against  this  ap¬ 
proach  since  it  would  have  substantially  changed  CATER’s 
“look-and-feel”  and  some  of  the  fine  control  we  exercise 
over  the  screen  was  difficult  to  reproduce  under  Oracle. 

In  general,  Rdb  has  been  satisfactory  for  our  purposes. 
It  offers  a  precompiler  for  executing  fixed  queries  like  we 
use  for  problem  k  solution  entry  or  modification.  For  the 
browsing  screens,  we  compose  a  query  “on-the-fly”  from 
the  fields  and  operators  entered  and  pass  that  to  Rdb  for 
interpretation.  This  is  somewhat  slower  but  gives  us  com¬ 
plete  freedom  to  formulate  queries  at  run  time. 

Retrieval  performance  for  the  browsing  screens  has 
been  a  bit  of  a  problem  as  the  database  has  grown.  The 
indexes  are  defined  around  the  set  of  fields  most  often  re¬ 
ferred  to  when  scanning  open  (Unsolved  or  Solved)  prob¬ 
lems  and  with  a  little  care,  retrieval  performance  is  gener¬ 
ally  satisfactory  averaging  1-10  seconds  depending  on  the 
complexity  of  the  query.  At  the  present  time,  of  the  more 
than  30000  problems  in  the  database,  only  about  1%  are 
open  so  historical  queries  which  look  at  a  large  number 
of  closed  problems  can  take  a  minute  or  more.  For  this 
reason,  those  people  compiling  historical  statistics  usually 
export  a  large  selection  of  records  into  a  PC  tool  and  do 
the  analysis  there. 

To  date  our  reliability  has  been  excellent;  we  have  not 
last,  a  single  problem  or  solution  in  CATER’s  operating 
history. 
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Ramping  Control  Using  a  Spreadsheet 


D.  Y.  Wang,  R.P.Johnson*,  L.S.B.  Ng,  W.J.  Pearce 
Brobeck  Division  of  Maxwell  Laboratories,  Inc.,  4905  Central  Ave.  Richmond,  Ca.  94804 
*Now  at  CEB  AF, Newport  News,  Virginia 


Abstract 

The  model  1.2-400  synchrotron  light 
source  built  by  Maxwell  Laboratories  for 
Lousiana  State  University  uses  a  200  MeV 
injector.  After  injection  and  accumulation,  the 
beam  is  ramped  up  to  1.3  GeV  in  less  than  30 
seconds.  During  ramping,  the  dipole  magnet 
waveform  must  be  synchronized  with  those  of  3 
families  of  quadrupoles,  2  families  of  sextupole, 
24  trims  and  the  RF  voltage.  A  commercially 
available  spreadsheet  program  (20/20) 
incorporating  lattice  physics,  magnet 
calibrations  and  flexible  curve  fitting  was  used 
to  generate  the  necessary  waveforms.  These  are 
downloaded  to  two  list  processors,  auxiliary 
CAMAC  crate  controllers,  which  control  the  31 
DAC  channels.  The  spreadsheet  approach  was 
cost  effective  in  terms  of  programming  effort 
yet  still  enabled  quick  changes  to  the  ramp  path, 
allowed  cycling  of  all  magnets  to  standardize 
magnet  settings  and  provided  for  easy  graphical 
feedback.  The  implementation  of  the  ramping 
spreadsheet  and  experience  with  its  usage  will 
be  described. 

I.  Introduction 

The  MLI  model  1.2-400  synchrotron 
light  source  has  been  described  in  detail 
elsewhere  [1].  After  beam  is  injected  and 
accumulated,  the  beam  energy  is  ramped  up 
from  0.2  GeV  to  the  flattop  energy  of  1.2- 1.3 
GeV  in  less  than  30  seconds.  During  ramping, 

3 1  control  currents  must  be  incremented  in 
synchrony.  In  addition,  at  the  end  of  a  store 
after  the  beam  is  dumped,  all  magnets  must  be 
brought  back  to  a  standard  state  by  cycling  of 
the  magnet  currents.  Given  these  requirements, 
a  convenient  method  of  generating  and 
modifying  these  control  current  waveforms  was 
essential  for  commissioning. 

The  user  interface  chosen  was  a 
spreadsheet  program,  20/20,  produced  by  Access 
Technology,  Inc.  This  spreadsheet  ran  on  a  Vax 
Station  under  Decwindows.  The  spreadsheet 
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format  is  well-suited  for  generating  the  large 
number  of  points  which  make  up  magnet 
waveforms  during  ramping.  The  logic  of  the 
calculations  is  linear,  progressing  from  input  to 
output  without  any  branching.  Moreover,  the 
interface  is  user  friendly.  A  "mouse"  enables 
rapid  paging  through  data  and  entry  of  values 
into  selected  cells.  Lastly,  graphs  of  the  magnet 
waveforms  which  are  calculated  or  read  back 
from  ADC's  are  readily  displayed  for  diagnostic 
purposes. 

In  section  A,  the  spreadsheet  design 
requirements  are  discussed.  In  section  B,  the 
spreadsheet  structure  is  described,  showing  how 
a  configuration  of  the  synchrotron  is  defined. 
Section  C  contains  a  brief  recount  of  the 
operating  experience.. 


B.  Spreadsheet  Design  Requirements 

The  organization  of  the  ramping 
spreadsheet  is  driven  principally  by  two 
considerations. 

The  most  important  consideration  for 
the  spreadsheet  design  was  governed  by  the 
requirement  of  providing  enough  flexibility  so 
that  quite  general  ramping  waveforms  could  be 
generated  with  minimal  user  input  The  user 
only  needs  to  enter  a  small  number  of 
configurations  at  different  energies  along  the 
ramp  which  has  been  found  by  experience  or 
theory. 

Subsequent  automatic  calculations  join 
these  configurations  ami  divide  the  waveforms 
into  many  fine  steps.  To  do  this,  each 
configuration  is  associated  with  a  time  up  the 
ramp  and  also  a  "slope".  This  "slope"  value  is 
actually  the  desired  tangent  of  the  curve  at  that 
time  normalized  to  the  slope  of  a  straight  line 
connecting  two  configurations  and  varies 
between  0  and  1.  A  cubic  fit  is  then  used  to 
join  between  configurations;  it  allows  four 
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degrees  of  freedom  which  enables  the  values  and 
slopes  to  be  matched. 

A  ramp  cycle  for  the  dipole  current  is 
shown  in  figure  1  to  illustrate  the  curve  fit.  The 
smooth  transitions  at  the  beginning  and  top  of 
the  ramp,  obtained  by  specifying  zero  slopes, 
minimize  beam  losses  that  may  occur  due  to 
eddy  current  induced  effects.  In  this  illustration, 
the  flattop  time  is  only  about  S  seconds.  During 
operation,  the  ramp  waveform  is  actually  halted 
at  flattop  and  reinitiated  only  when  a  dump  is 
desired,  allowing  beam  to  be  stored  for  as  long 
as  the  beam  lifetime. 

After  beam  is  dumped,  the  ramp 
waveform  takes  all  magnet  control  currents 
down  to  zero  and  brings  it  up  to  the  injection 
level.  This  was  the  standardization  cycle  used. 

Ramp  Cycle 


Time  (MNNMda) 


Fig.  1 

The  other  major  consideration  in  the 
spreadsheet  design  was  that  a  machine 
configuration  must  be  easily  understood  in  terms 
of  lattice  parameters  such  as  beam  energy, 
betatron  tunes  or  chromatirities.  A  machine 
configuration  is  completely  defined  by  the  set  of 
3 1  set-points  for  30  magnets  and  RF  voltage  at  a 
particular  time. 


Using  the  latter  representation  assumes 
a  much  more  detailed  knowledge  of  the 
machine.  As  a  first  step,  one  needs  the  beam 
energy  and  quadrupole  gradients  in  term  of 
dipole  current  and  quadrupole  current  settings. 
This  come  from  previously  measured  calibration 
curves.  Then  it  must  be  assumed  that  the 
synchrotron  behaves  sufficiently  closely  to  the 
ideal  lattice  that  a  quadrupole  perturbation  is 
linearly  related  to  a  change  in  tune.  The 
calibration  curves  may  have  errors  and  the 
synchrotron  may  not  behave  like  the  ideal 
lattice.  But  the  utility  of  this  representation, 
which  was  the  one  chosen  for  entering  values 
into  the  spreadsheet,  is  that  ideally,  various 
parameters  remain  constant  independent  of 
beam  energy  up  the  ramp.  Deviations  point  to 
anomalies. 

C.  Spreadsheet  structure: 

The  spreadsheet  structure  is  illustrated 
in  figure  2  which  shows  only  the  top  left  corners 
of  each  section  of  the  spreadsheet.  As  discussed 
in  section  B,  configurations  are  entered  into  the 
Lattice  Parameters  Representation.  In  this 
representation,  the  variables  are  the  beam 
energy,  betatron  tunes,  chromaticities,  and  orbit 
correction  deflection  angles.  These  define  the 
currents  of  the  dipole,  the  focusing  and 
defocusing  quadmpole  ramifies,  the  focusing 
and  defocusing  sextupoles,  and  all  trims  which 
form  the  "Currents  Representation".  (The 
current  waveform  for  the  achromatic  quadmpole 
family  is  scaled  directly  to  the  beam  energy.) 

Only  15  machine  configurations  are 
entered  for  the  entire  ramp  cycle.  After  the  curve 
fitting  process,  141  expanded  configurations  in 
currents  are  generated.  By  use  of  power  supply 
calibrations,  these  are  converted  into  DAC 
settings.  At  this  stage,  timing  offsets  between 
the  various  magnets  can  be  introduced.  These 
offsets  account  for  the  different  time  lags  in 
various  power  supplies. 


But  the  representation  of  a  particular 
magnet  set-point  is  not  unique.  For  example, 
the  settings  of  the  focusing  and  defocusing 
quadruples  in  the  lattice  can  be  shown  as 
currents  in  units  of  amperes  or  alternatively  they 
can  be  defined  completely  by  the  betatron  tune 
values. 


A  custom  macro  outputs  this  file  to 
disk.  A  stand-alone  program  further  expands 
the  141  configurations  into  15000 
configurations  by  linear  interpolation.  The  final 
ramp  waveform  has  this  many  fine  steps.  When 
each  step  is  advanced,  a  momentary  tune  error 
can  occur  since  magnet  currents  are  updated 
with  small  relative  delays,  but  no  larger  than  20 


microseconds.  With  so  many  steps,  the  largest 
tune  deviation  is  limited  to  0.002.  The  final 
ramp  waveform  is  loaded  into  list  processors. 
These  are  CAMAC  crate-controllers  which  load 
the  data  into  appropriate  devices  when 
triggered. 


lattice  Parameters  Representation 
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Figure  2  Spreadsheet  Structure 


D.  Operational  Experience 

The  spreadsheet  ramping  program  has 
been  used  extensively  to  generate  different  ramp 
cycles  during  the  commissioning  of  the  MLI 
model  1.2-400. 

During  the  first  successful  ramp  only  a 
few  microamperes  survived  at  1.2  GeV  out  of  an 
accumulated  current  of  a  few  milliamps. 
Subsequently  the  ramping  efficiency  has 
improved  dramatically.  For  example,  out  of 
200  mA  accumulated,  more  than  90%  survives 
up  the  ramp.  This  was  mainly  the  result  of 
better  vacuum. 

The  first  successful  ramps  were  done  by 
directly  scaling  all  other  magnet  currents  with 
respect  to  the  dipole  current  The  intentional 
timing  offsets  used  to  compensate  for  the  time 
lag  between  power  supplies  proved  to  cause 
large  beam  losses  and  were  deleted.  For 
ramping  up  to  1.4  GeV,  the  dipole  calibrations 


which  show  saturation  behaviour  at  energies 
above  1.3  GeV  had  to  be  incorporated. 

The  betatron  tunes  are  constant  up  the 
ramp  in  the  spreadsheet  But  measurements 
using  a  network  analyzer  show  that  the 
horizontal  tune  moved  over  a  range  of  ±0.05 
during  ramping.  In  any  case,  the  optimum  tunes 
in  the  spreadsheet  were;  (3.203,  1.453)  versus 
(3.260, 1.168)  for  the  theoretical  lattice. 

These  discrepancies  were  mainly  due  to 
problems  with  the  calibrations  of  the  power 
supplies  which  drifted  after  the  initial  tests.  It 
was  not  surprising  that  the  spreadsheet  structure 
was  soon  augmented  with  a  section  which 
transformed  a  configuration  in  the  currents 
representation,  found  by  trial  and  error,  into  the 
lattice  parameters  representation. 

In  terms  of  the  original  design,  the 
most  successful  feature  was  the  use  of  the 
standardization  cycle  shown  in  figure  1.  It  has 
to  be  run  if  beam  is  to  be  accumulated  at 
injection  energy. 

Summary: 

Despite  all  the  problems  encountered 
during  operation,  the  spreadsheet  interface  for 
ramping  control  is  still  to  be  recommended. 
Indeed,  its  flexibility  is  proven  by  how  readily 
changes  were  made  to  handle  the  problems 
encountered.  The  graphical  interface  was  very 
useful  in  the  debugging  phases.  But  most 
importantly,  for  a  cost  of  about  S1K.  plus  100 
hours  of  initial  programming  effort,  there  is  no 
other  platform  that  can  provide  this  degree  of 
ramping  control. 
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EASY  AND  EFFECTIVE  APPLICATION  PROGRAMS  USING  DATAVIEWS 


Elliott  S.  McCrory 

Fermi  National  Accelerator  Laboratory* 
Batavia,  IL  60510,  USA 


Abstract:  The  commercially-available  product  Data- 
Views  [1]  is  being  used  for  a  simple  and  effective 
applications  program  builder  for  the  new  Fermilab 
Linac  Control  System  [2].  This  product  consists  of  a 
“view”  editor,  a  thorough  set  of  object-oriented  graph¬ 
ics  subroutines  and  a  convenient  method  for  incorpo¬ 
rating  your  own  data  acquisition  into  the  system.  There 
are  many  advantages  to  this  package,  most  significantly 
the  modularity  and  effectiveness  of  the  graphics  and  of 
the  data  acquisition  schemes. 

First,  the  programmatic  structure  of  the  Data- 
Views  product  is  described.  Then  a  brief  description  of 
the  Feimilab  Linac  control  system  is  presented.  A  few 
of  the  programs  developed  using  DataViews  are  de¬ 
scribed,  especially  a  simple  application-builder 
program.  Finally,  some  operational  experience  is 
presented. 

THE  DATAVIEWS  PACKAGE 

Quoting  from  the  VI  Corporation  manuals  on 
DataViews: 

DataViews  is  a  set  of  tools  for  building  graphical  user 
interfaces  for  complex  software  applications.  The  main 
tools  are  DV-Draw,  the  graphical  editor  for  building  the 
visual  interface,  and  DV-Tools,  the  library  routines  for 
building  the  programmatic  control  of  the  interface  [3]. 

The  DataViews  package  is  available  on  virtually  all 
workstations,  in  particular.  Sun  and  VAX  (VMS). 

DV-Draw  is  used  to  edit  the  following  aspects  of 
the  view:  the  character  of  the  interface;  the  method  by 
which  the  data  are  obtained;  the  graphs  which  are  dis¬ 
played;  the  way  in  which  the  graphs  and  the  geometry 
of  the  graphics  change  according  to  the  values  for  the 
data  (the  dynamics);  user-input  methods;  and  some  lim¬ 
ited  prototyping  methods.  DV-Draw  creates  a  binary 
file  commonly  referred  to  as  a  view. 

DV-Tools  provides  the  programmatic  interface  to 
the  package.  Anything  which  can  be  done  in  DV-Draw 
can  be  accomplished  through  DV-Tools.  The  use  of  the 
DataViews  package  which  seems  the  most  robust  and 
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useful  is  to  generate  the  layout  of  graphs,  geometry,  in¬ 
put  objects  and  dynamics  in  DV-Draw,  and  to  use  the 
DV-Tools  routines  to  respond  to  the  user  interrupts,  do 
some  special  data  gathering  and  act  on  the  various 
events  the  program  encounters. 

The  DataViews  package  has  been  extended, 
through  their  Function  Data  Source  methodology,  to  in¬ 
clude  data  acquisition  from  the  Fermilab  Linac  control 
system.  "Linac  Scalar  Devices"  appears  on  the  DV- 
Draw  Data  Source  menu  under  the  "Function  Data 
Source"  data  source  type  and  allows  the  user  to  observe 
these  data  in  DV-Draw  (for  quick  plotting  without  pro¬ 
gramming)  or  from  a  more  sophisticated  application 
using  DV-Tools.  It  is  not,  in  general,  necessary  for  the 
DV-Tools  programmer  to  worry  about  data  collection. 

A  measure  which  some  people  use  to  determine 
the  the  level  of  sophistication  of  a  software  system  is 
the  time  it  takes  to  modify  that  system.  It  required  ap¬ 
proximately  two  weeks  of  effort  for  one  physicist  to 
learn  the  DataViews  Function  Data  Source  methodolo¬ 
gy  and  implement  "Linac  Scalar  Devices"  into  the 
system.  VI  Corp  provides  two  examples  of  Function 
Data  Sources  with  their  product,  which  helped  this 
physicist  very  much. 

The  performance  of  an  application  program 
which  uses  DataViews  is  generally  limited  to  5  Hz  or 
slower,  depending  on  the  complexity  of  the  view.  (This 
is  observed  on  a  Sun  SPARCstation  2  workstation  with 
GX  graphics.)  It  is  believed  that  a  true  graphics  accel¬ 
erator  would  greatly  enhance  this  performance. 

THE  LINAC  CONTROL  SYSTEM 

The  Linac  control  system  is  fully  documented 
elsewhere  [2].  Briefly,  we  have  twenty  VME  local  con¬ 
trol  stations  (LCSs),  connected  together  on  the  IEEE 
802.5  (4  MB)  Token  Ring  communicating  with  each 
other,  with  Macintosh  consoles  and  with  Sun  Microsys¬ 
tems  workstations  (running,  among  other  things, 
DataViews). 

A  large  set  of  C++  classes  for  Linac  data  acquisi¬ 
tion  and  control  have  been  built  at  Fermilab.  Acquisi¬ 
tion  of  large  amounts  of  data  (in  excess  of  500  frames 
of  100  bytes  of  answers  per  second)  has  been  demon¬ 
strated  on  a  single  SPARCstation  2  using  these  classes. 
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Figure  1,  The  low-energy  emittance  control  program. 


The  pertinent  classes  to  mention  here  are  the  De¬ 
vice  and  the  Request  classes.  A  Device  instance  han¬ 
dles  all  of  the  information  connected  with  the  16-bit 
analog  devices  in  the  Linac  control  system,  for  exam¬ 
ple,  the  reading,  setting,  nominal,  tolerance,  title,  units, 
conversion  constants,  sibling  channels,  etc.  The  Re¬ 
quest  class  handles  everything  associated  with  getting 
data  back  from  a  LCS  at  a  repetitive  rate.  In  particular, 
a  Request  instance  can  handle  1 S  Hz  data  returned  from 
an  LCS  for  a  Device  or  for  a  list  of  Devices. 

The  DataViews  "Linac  Scalar  Data"  uses  the  De¬ 
vice  and  Request  classes  to  return  the  scalar  data  for  that 
device  or  those  devices  to  the  DV  application,  either 
DV-Draw  or  DV-Tools. 

THE  DATAVIEWS/UNAC  PROGRAMS 

Two  of  the  more  sophisticated  applications  writ¬ 
ten  using  the  DataViews  package  are  described  here. 

The  first  application  is  for  the  low-energy  emit¬ 
tance  measurement  and  calculation  programs  (emit 
and  show_analysis,  respectively)  [4].  When  the 
program  begins,  the  screen  shown  in  Figure  1  is 
displayed.  (Note:  These  program  are  normally  viewed 
on  a  color  monitor;  some  of  the  quality  of  the  display 
has  been  lost  in  the  translation  to  a  form  suitable  for  this 
paper.)  From  there,  the  user  can  select  the  emittance 
probe  to  run  and  the  limits  on  the  motion  of  the  probe. 
The  progress  of  the  probe  and  some  information  on  the 
returned  data  are  displayed.  The  C++  program  is  re¬ 
sponsible  for  (1)  responding  to  user  interrupts  and 
setting  the  emittance  tun  parameters  and  for  (2)  launch¬ 
ing  the  emittance  measurement  program  (another  C++ 
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Figure  2,  The  low-energy  emittance  display  program 

program  on  the  SPARCstation  2).  DataViews  is  respon¬ 
sible  for  gathering  the  data  for  the  displays  and  for 
making  the  displays.  When  the  emittance  measurement 
is  completed,  the  user  asks  to  analyze  the  data.  The 
emi  t  program  then  launches  an  analysis  program  and, 
when  that  completes,  it  launches  show_analysis.  A 
screen  for  show_analysis  is  shown  in  Figure  2. 
This  program  is  essentially  a  DataViews  example  pro¬ 
gram  supplied  with  the  product,  modified  for  the 
4-button  input  field  in  the  upper  left  corner  of  the 
display.  The  C++  program  only  reacts  to  user  input; 
DataViews  handles  the  rest.  (These  program  was  con¬ 
ceived  and  initially  written  by  M.  Allen,  presently  of 
the  SSC,  with  substantial  modifications  by  the  author 
and  by  J.  Palkovic,  also  now  at  the  SSC.) 

The  second  program  is  intended  to  be  a  general 
program  for  a  synaptic  display  for  a  system.  The  user 
would  set  up  a  view  with  DV-Draw  to  graphically  rep¬ 
resent  his/her  system  in  any  way  desired.  There  are 
some  restrictions  on  the  names  of  the  graphical  and  data 
objects  in  the  view.  When  the  user  interrupts  on  an  ob¬ 
ject  which  is  bound  to  a  piece  of  data  obtained  from  the 
Linac  control  system,  the  program  creates  a  popup  box 
containing  the  information  on  this  datum  as  provided 
by  the  Device  structure.  The  program  also  shows  data¬ 
base  information  for  binary  information. 

The  program  can  switch  the  view  from  one  rf  sys¬ 
tem  to  another  (there  are  eleven  rf  systems  in  the  new 
Linac)  by  changing  the  value  of  a  datasource  variable 
called  "System  Number."  This  change  is  made  possi¬ 
ble  by  the  fact  that  all  database  names  for  the  805  MHz 
Linac  systems  have  a  digit  in  the  second  character  po¬ 
sition  of  the  name  field  which  is  the  RF  system  at  which 
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Figure  3,  The  low-level  rf  display  program 


that  device  is  located.  For  example,  M5MODV  is  the 
MODolator  Voltage  at  system  S. 

The  clever  user  can  add  dynamics  to  the  objects 
which  have  binary  data  for  their  dynamics,  for  example, 
show  a  closed  switch  when  the  value  is  greater  than  O.S 
(e.g.,  a  value  of  1),  and  an  open  switch  when  the  value 
is  less  than  0.3  (e.g.,  a  value  of  0). 

Five  applications  have  been  built  using  this  ap¬ 
plications  builder  for  the  400  MeV  Linac  Upgrade.  The 
most  complicated  application  is  for  the  low-level  RF 
system,  and  the  image  of  this  program  is  shown  in  Fig¬ 
ure  3.  This  view  takes  advantage  of  the  dynamics 
possible  with  this  program:  note  the  switches  which 
change  position  according  to  the  value  of  a  binary 
datum.  Also  (not  shown),  readings  which  are  out  of 
tolerance  are  red.  The  same  application  with  a  view  for 
the  overview  of  a  single  klystron  is  shown  in  Figure  4. 
Note  the  database  description  box.  The  other  three  pro¬ 
grams  are  synaptic  displays  for  the  cavity  water  system, 
an  overview  of  ten  of  the  klystron  systems  and  a  simple 
flow-diagram  for  the  modulator  sub-system. 

OPERATIONAL  EXPERIENCE 

The  DataViews  package  has  been  very  useful  and 
effective.  There  has  only  been  one  physi¬ 
cist/programmer  working  on  this  project.  DataViews 
makes  it  possible  for  a  small  group  to  produce  high- 
quality  graphical  applications  quickly  and  easily. 

The  engineers  in  the  Linac  Upgrade  project  have 
been  particularly  happy  with  these  applications.  This  is 


Figure  4,  The  klystron-overview  display  program;  note 
the  popup  database  description. 


because  they  have  produced  Macintosh-generated 
block  diagrams  for  their  systems,  which  were  easy  to 
cast  into  DataViews  with  the  dynamics  attached. 

The  major  limitation  on  the  production  of  these 
displays  has  been  (1)  the  artistic  complexity  of  creating 
a  satisfactory  display  and  (2)  the  fact  that  very  few  peo¬ 
ple  in  the  Linac  Dept,  have  learned  to  use  DV-Draw. 

The  Controls  Group  in  our  Accelerator  Division 
does  not  have  the  liberty  to  experiment  with  these  sorts 
of  products  on-line.  Their  top  priority  is  to  present  a 
coherent  and  integrated  look-and-feel  to  the  Operations 
Staff.  This  sort  of  integration  of  the  DataViews  pack¬ 
age  would  require  a  lot  more  effort  than  has  been  put  in 
so  far. 

CONCLUSION 

DataViews  has  been  demonstrated  to  provide  a 
simple  and  powerful  means  by  which  a  small  group  of 
applications  programmers  can  produce  a  very  sophisti¬ 
cated  graphics  user  interface  for  an  accelerator. 
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Abstract 

This  paper  describes  a  computer  program  that  is  used  in 
control  of  beam  transport  line  from  preinjector  to  booster 
ring  of  dedicated  synchrotron  radiation  source  ”  Siberia-2” 
(Kurchatov  Institute,  Moscow).  The  program  combines 
the  control  of  magnet  structure,  beam  simulation  and  on¬ 
line  beam  monitoring.  A  graphical  interface  and  mouse 
input  provide  an  easy  select  and  control  of  magnet  ele¬ 
ments.  The  program  computes  the  beam  transport  using 
a  first-order  matrix  formalism.  The  instantaneous  display 
of  the  computed  beam  trajectories  provides  the  necessary 
feedback  to  the  user.  The  program  displays  information 
from  beam  position  monitors  in  specific  graphical  window. 
The  dialog  windows  contain  list  of  elements,  control  but¬ 
tons  and  list  box  with  the  real  currents  of  power  supplies. 
The  operator  interface  and  beam  simulation  are  written  in 
C++  language  under  MS-Windows. 

I.  Introduction 

The  dedicated  synchrotron  radiation  source  ’’Siberia”  in¬ 
cludes  linac  injector,  small  storage  ring  booster  (450  MeV), 
main  storage  ring  (2.5  GeV)  and  two  transport  lines.  It  is 
comfortable,  when  operator  has  interactive  access  to  mag¬ 
net  elements  control,  beam  diagnostic  and  simulation  of 
electron-optical  beam  lines.  Also,  at  the  beginning  stage 
of  beam  alignment  procedure,  the  magnet  structure  of  stor¬ 
age  ring  can  be  presented  as  transport  line.  The  presented 
program  allows  to  calculate  particle  motion  trajectories 
and  beam  envelope.  The  program  applies  at  commission¬ 
ing  stage  and  makes  simple  beam  modeling  ’’help”,  but 
difficult  to  use  for  development  and  optimization  magnet 
system. 

II.  Beam  simulation  and 

GRAPHICAL  INTERFACE 

The  beam  transport  line  structure  consists  of  element’s  se¬ 
quence.  For  each  element  user  can  to  define  name,  type, 


drift,  magnet  structure  parameters  and  graphical  image 
properties.  The  following  element  types  are  taken:  bend¬ 
ing  magnets  (in  X  and  Z  planes),  drift  spaces,  quadrupoles 
(no  skew),  orbit  correctors,  beam  position  monitors.  The 
special  element  type  is  a  functional  group  of  elements.  The 
functional  group  allows  to  change  some  values  of  structure 
elements  simultaneously.  For  example,  independent  con¬ 
trol  of  displacement  and  slope  of  beam  center  at  the  end 
of  transport  line  requires  two  correctors[l].  At  that,  kick 
of  each  corrector  can  be  calculated: 

A1  =  K11*Y+K12*Y’ 

A2  =  K21*Y+K22*Y’ 

where  Y,  Y’  displacement  and  slope  at  X  or  Z  planes. 

The  data  base  files  (***.dbf)  describe  the  beam  transport 
line  structure  and  functional  group’s  spreadsheet.  The  pro¬ 
gram  menu  item  ’’File”  defines  standard  file  exchange  pro¬ 
cedures.  Beam  transport  line  structure  displays  in  graphi¬ 
cal  window  after  reading  data  base  files.  At  any  time  user 
can  be  select  structure  part  from  list  of  elements.  The 
beam  position  and  envelope  are  calculated  for  three  hun¬ 
dred  points  in  selected  part  of  magnet  structure.  This 
allows  to  increase  accuracy  for  short  part  of  structure  (one 
or  two  elements)  and  to  plot  graphics  in  detail. 

User  sets  initial  conditions  X,  X’,  Z,  Z’,  dp/P  for  com¬ 
puting  the  particle  motion  trajectories.  To  compute  beam 
envelope  Twiss  parameter’s  phase  plane  ellipse  a,  f3  and 
emittance  t  are  defined.  The  program  menu  item  "Op¬ 
tions”  contains  edit  control  window  and  ’’listbox”  with  iri- 
tial  condition  parameters.  The  first-order  matrix  method 
applies  for  computation[2].  Figure  1  shows  modeling  re¬ 
sults  for  electron  beam  trajectories  in  the  transport  line 
from  linac  to  booster  storage  ring  ”Siberia-l”. 

The  trajectories  are  displayed  in  red  and  blue  colors  for  X 
and  Z  planes.  The  "begin”  and  ’’end”  values  of  displace¬ 
ment  and  slope  present  in  digital  form.  The  "Control”  di¬ 
alog  box  window  may  be  used  for  new  setting  of  elements 
(Fig.  2).  Window  contains  special  control  buttons  and 
listbox  with  the  beam  transport  line  elements.  The  mouse 
input  is  used  for  element  and  value  of  increase  selection. 
User  can  to  change  element  setting  by 
”+”,  ’’Return”  buttons  and  defines  new  values  of  in¬ 
crease.  When  the  optical  structure  is  changed,  program 
computes  new  trajectories.  In  the  graphical  window  new 
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Figure  1:  The  beam  trajectories  in  the  transport  line  from 
linac  to  booster  ring  "Siberia- 1”. 

trajectories  display  in  dark  color,  previous  in  light.  If  user 
edits  the  initial  conditions  X,  X’,  Z,  Z’  or  dp/P  in  tra¬ 
jectory’s  simulation  mod"  the  new  calculations  are  per¬ 
formed.  The  beam  trajectories  are  presented  in  Fig.  1 
after  user  changes  the  strength  qudrupole  FI  and  initial 
displacement  in  X  and  Z  planes  non  zero.  User  can  to 
edit  element,  which  is  not  presented  in  the  graphical  win¬ 
dow,  and  the  new  computed  results  can  also  be  displayed. 
Similarly,  the  beam  envelope  mode  allows  to  control  and 
display  transport  line  optical  structure. 


Figure  2:  The  console  windows. 

III.  On-line  control  and 

DIAGNOSTIC 

The  special  data  base  describes  control  and  monitoring 
channels.  File  defines  names,  coefficients,  service  informa¬ 
tion  for  power  supplies  system  for  each  magnet  element  . 
In  the  case  of  menu  item  "Channels”  is  selected,  the  pro¬ 
gram  performs  operative  control  of  power  supplies  as  well 
as  the  beam  simulation.  The  window  "Channels"  shows 
list  of  control  and  measurement  parameters  for  element  or 
functional  group.  Program  is  realized  data  exchange  with 
the  control  computer,  sends  steering  currents  of  power  sup¬ 
plies  and  reads  actual  values  of  current.  At  background  of 
Fig. 2  on-line  control  window  is  presented 
The  additional  graphical  window  displays  beam  position 
monitors  information.  Position  monitors  can  be  selected 


from  transport  line  structure  using  ” Monitors”  menu.  The 
color  marker  plots  beam  position  in  X,  Z  plane.  The  pro¬ 
gram  presents  calculated  X,  Z  values  for  each  monitor,  and 
the  real  beam  displacement  values  can  be  read  from  diag¬ 
nostic  control  computer.  These  values  are  displayed  in 
different  colors.  If  the  profile  grid  monitors  are  used  in 
transport  line,  the  control  computer  sends  center  of  grav¬ 
ity  and  measured  profile  width  of  beam.  In  this  case,  real 
beam  position  may  be  display  in  ellipse  form  at  X,  Z  plane. 
Figure  3  shows  program  results  for  two  selected  beam  po¬ 
sition  monitors. 


Figure  3:  Calculated  and  measured  beam  position  moni¬ 
tors  information. 


IV.  Application 

The  program  has  been  used  to  operate  with  transport  line 
from  65  MeV  linac  to  the  storage  ring  "Siberia-1”.  In¬ 
teractive  graphic  provides  effective  operator  environment 
for  commissioning.  It  is  planned  also  to  control  transport 
line  from  booster  ring  to  the  2.5  GeV  main  storage  ring 
"Siberia- 2”.  MS-Windows  and  C++  development  environ¬ 
ment  allows  to  create  "window-oriented”  user  interface. 
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Abstract 

The  Advanced  Photon  Source  (APS)  control  system  is  based 
on  a  distributed  topology  of  microprocessor-based  Input/Output 
Controllers  (IOCs).  Since  die  cost  effectiveness  of  placing  an 
IOC  near  every  point  where  an  interface  to  the  control  system  is 
required  may  be  prohibitive,  I/O  subnets  implemented  via  mes¬ 
sage  passing  network  protocols  are  utilized.  For  greatest  flexi¬ 
bility,  such  a  subnet  must  support  connections  to  equipment  via 
discrete  I/O  points,  connections  to  standard  interfaces  such  as 
GPIB  and  RS232,  and  be  a  practical  network  for  custom-de¬ 
signed  interfaces  to  intelligent  equipment  This  paper  describes 
the  BITBUS  Universal  Gateway  (BUG),  a  device  which  sup¬ 
ports  the  different  interfaces  mentioned  above  with  a  connection 
to  a  single  BITBUS  distributed  subnet  The  BUG  utilizes  an  in¬ 
terchangeable  setof  circuit  boards,  which  allow  for  a  commonal¬ 
ity  among  interface  points,  and  the  ability  to  use  commercially- 
available  modules  for  I/O.  This  approach  also  circumvents 
several  limitations  of  GPIB  and  RS232,  which  restrict  their  use 
in  industrial,  electrically  harsh  environments,  via  an  imple¬ 
mentation  of  the  BITBUS  protocol  over  optical  fibers. 

I.  SUBNETS  IN  THE  APS  CONTROL  SYSTEM 

The  APS  control  system  provides  for  VME-based  Input/ 
Output  Controllers  (IOCs)  to  be  distributed  throughout  the  facil¬ 
ity  and  interconnected  via  Ethernet  to  one  another  and  also  to 
UNIX-based  Operator  Interface  (OPI)  consoles.  Although  this 
distributed  architecture  allows  for  intelligent  processors  near  the 
mqjor  subsystems,  I/O  subnets  are  frequently  required  to  inter¬ 
face  directly  to  the  equipment  and  communicate  I/O  information 
to  the  nearest  IOC.  [1] 

H.  CURRENT  INTERFACE  PROBLEMS 

Currently  GPIB  (IEEE-488)  and  RS232  interfaces  are  be¬ 
ing  used  to  interface  instruments  to  the  APS  control  system. 
These  interfaces  have  severe  limitations  when  used  in  an  indus¬ 
trial,  non-office  type  environment  for  computer  control  systems. 
GPIB  offers  no  error  detection  mechanisms,  no  ground  isolation, 
and  severe  distance  limitations.  Although  both  fiber  optic  and 
twistedpair  extenders  are  available  for  GPIB  they  are  cost  ineffi¬ 
cient  RS232  offers  no  ground  isolation,  severe  distance  limita¬ 
tions,  and  exists  with  a  single  node  master/slave  topology. 
Again,  extenders  and  multidrop  RS232  network  solutions  are 
available,  however,  their  repeated  use  can  be  expensive. 


♦Work  supported  by  U.S.  Department  of  Energy,  Office  of  Basic 
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Basic  binary  and  analog  I/O  have  obvious  distance  and  noise 
immunity  problems  when  interfaced  to  a  control  system.  Cur¬ 
rently  the  Allen-Bradley  1771  series  I/O  modules  provide  re¬ 
mote  interfacing  for  these  types  of  signals  in  the  APS  control  sys¬ 
tem.  Although  effective,  it  is  best  used  for  a  multitude  of  signals 
as  its  use  becomes  cost  prohibitive  when  used  with  just  a  few  raw 
binary  or  analog  signal  points.  An  additional  complication  with 
the  Alkn-Bradley  solution  is  that  the  network  and  I/O  chassis 
are  proprietary  designs  of  Allen-Bradley.  Modules  cannot  be 
customized  to  meet  the  unique  requirements  of  the  APS  control 
system. 

ffl.  THE  BITBUS  SUBNET 

An  ideal  subnet  for  the  APS  control  system  should  provide 
a  distributive,  homogeneous  solution  to  differing  control  inter¬ 
face  topologies.  The  design  should  be  based  upon  a  non-propri¬ 
etary  commonly  accepted  network  which  provides  the  ability  to 
communicate  control  signals  to  multiple  nodes,  over  distances 
up  to  several  hundred  meters,  and  in  electrically  harsh  environ¬ 
ments.  The  subnet  must  provide  a  “gateway”  for  GPIB,  RS232, 
and  raw  binary  and  analog  I/O  signals.  BITBUSt  was  selected 
as  the  subnet  of  choice  for  this  type  of  interface  to  the  APS  con¬ 
trol  system.  [1] 

IV.  THE  BITBUS  UNIVERSAL  GATEWAY 

To  implement  BITBUS  as  a  subnet  in  the  APS  control  sys¬ 
tem,  a  BITBUS  slave  node  was  developed  to  meet  the  previously 
defined  criteria.  This  instrument  has  taken  the  farm  of  the  BIT- 
BUS  Universal  Gateway,  or  BUG. 

A.  Hardware  Description 

The  BUG  acts  as  a  slave  node  on  the  BITBUS  subnet  and 
provides  a  communication  link  between  BITBUS  protocol  and 
other  computer-signal  interfaces  such  as  GPIB,  RS232,  and  dis¬ 
crete  binary  and  analog  I/O  (see  Figure  1).  The  BUG  is  housed 
in  a  commercially  available  plastic  enclosure  measuring  2.2SH 
x  5.08W  x  5.25L.  Located  on  this  small  enclosure  are  connec¬ 
tions  to  the  BITBUS  subnet,  I/O  points,  and  power  supply.  There 
are  red  and  green  CPU  status  LEDs,  and  a  series  of  eight  diagnos¬ 
tic  LEDs  which  can  be  written  with  a  byte  of  data  for  additional 
status  indication.  Power  is  generally  supplied  by  a  small  “calcu¬ 
lator  type”  wall  plug  adapter  or  brick  type  power  supply.  The  en¬ 
tire  part  cost  for  each  BUG  node  is  under  $400. 

B.  The  BITBUS  Interface  Board 

The  BITBUS  interface  board  is  the  BUG’S  link  to  the  BIT- 
BUS  subnet  Communication  over  the  BITBUS  subnet  in  the 
APS  control  system  is  self  clocked  at  a  speed  of 375Kb/s.  Origi- 
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Figure  1.  BITBUS  Subnet  at  the  Advanced  Photon  Source 

nally  this  separate  board  for  the  BITBUS  interface  was  chosen 
so  that  communication  could  be  implemented  over  either  a 
“twisted  pair”  RS485  subnet,  or  a  fiber  optic  interface.  The 
RS485  subnet  has  been  abandoned  at  the  APS  in  favor  of  the 
more  noise  immune  and  cost  effective  fiber  optic  interface. 

The  fiber  optic  BITBUS  interface  card  is  constructed  using 
transmitters  and  receivers  with  AT&T  ST  type  connectors. 
These  bayonet-style  connectors  provide  a  simple  and  accurate 
fiber  connection.  The  BUGs  in  a  fiber  optic  BITBUS  subnet  are 
connected  in  a  daisy  chain  configuration,  linked  from  the  VME 
IOC  BITBUS  master,  and  serially  one  after  the  other  with  duplex 
(two  fibers  per  cable)  fiber  optic  cable.  The  APS  BITBUS  fiber 
optic  subnet  utilizes  standard  62.5/125pm  fiber  optic  cable. 

C.  The  BITBUS  Controller  (CPU)  Board 

The  CPU  board  is  the  middle  board  of  the  BUG  three-board 
configuration.  It  contains  the  Intel  8044  BITBUS  enhanced  mi¬ 
crocontroller,  data  memory,  code  memory,  and  additional  sup¬ 
port  circuitry.  The  8044  provides  both  the  processing  and  com¬ 
munication  ability  of  the  BUG.  Unique  firmware  for  each  type 
of  interface  resides  in  theextemal  code  memory  of  the  BUG.  The 
external  code  memory  of  the  BUG  uses  either  a  256Kbit  RAM 
chip,  or  an  identical  size  (E)PROM  chip.  The  type  of  memory 
is  selected  by  a  configuration  jumper.  Software  may  be  down¬ 
loaded  over  the  BITBUS  link  to  the  external  code  RAM,  which 
is  useful  for  BUG  software  development.  When  suitable  code  is 
developed,  a  PROM,  or  EPROM  may  be  created  for  more  perma¬ 
nent  use. 


D.  The  HO  Board 

The  I/O  board  is  the  BUG ’s  interface  to  the  controlled  equip¬ 
ment.  The  I/O  board  interface  was  chosen  to  be  the  iSBXt 
(single  board  extension)  bus.  Since  the  iSBX  bus  is  an  Intel  and 
IEEE  standard  (IEEE  959-88)  there  are  many  such  1)0  boards 
commercially  available.  These  boards,  however,  can  often  be 
made  “in  house”  at  a  fraction  of  the  cost  of  commercially  avail¬ 
able  products.  Currently  at  the  APS  there  has  been  “in  house” 
design  of  both  hardware  and  software  for  the  following  boards: 
a  single  port  GPIB  interface  with  the  ability  to  control  15  GPIB 
instruments,  a  dual  port  RS232  interface,  and  a  discrete  binary 
and  analog  signal  interface  with  16  optically  isolated  binary  in¬ 
puts,  eight  optically  isolated  binary  outputs,  four  12-bit  analog 
inputs,  and  two  12-bit  analog  outputs. 

E.  The  Interface  to  the  APS  Control  System 

The  BITBUS  subnet  interface  to  the  APS  control  system  is 
accomplished  through  the  BITBUS  master.  The  master  is  a  mo¬ 
dified  BITBUS  node  with  an  interface  to  the  VME  host  computer 
bus.  Currently  the  BITBUS  subnet  master  in  the  APS  control 
system  is  the  Xy com  XVME-402  VME  module  modified  for  use 
with  the  APS  BITBUS  optical  fiber  subnet. 

V.  THE  GPIB  BUG  AT  THE  APS 

A  basic  timing  study  was  done  on  GPIB  message  passing 
over  the  BUG  link  compared  to  GPIB  message  passing  using  the 
National  Instruments  GPIB  410  VME  module.  The  GPIB  instru¬ 
ments  being  controlled  were  four  identical  Hewlett  Packard 
34401 Adigital  multimeters.  The  four  multimeters  were  initially 
connected  directly  to  the  GPIB  1014  VME  module  and  a  series 
of  read-back  commands  were  sent  to  them.  Next,  the  four  multi¬ 
meters  were  connected  to  a  single  BUG  which  in  turn  was  con¬ 
nected  to  the  VME  IOC  via  the  BITBUS  subnet  The  BUG 
showed  no  significant  decrease  in  data  throughput  for  this  read 
command. 

Next,  two  BUGs  were  connected  to  two  multimeters  each, 
and  placed  on  the  same  BITBUS  subnet.  Following  that,  four 
BUGs  were  each  connected  to  one  multimeter  each  and  placed 
on  the  same  BITBUS  subnet  There  was  an  increase  in  read- 
back  command  data  throughput  in  each  case.  The  single  BUG 
per  multimeter  configuration  even  showed  faster  read-back  data 
throughput  times  than  the  single  GPIB  1014,  four  multimeter 
configuration.  This  increase  in  read-back  data  throughput  is  due 
to  the  fact  that  when  a  GPIB  instrument  is  sending  data  back  to 
the  control  system  using  the  GPIB  bus,  it  takes  command  of  the 
bus,  thereby  allowing  no  other  instruments  to  use  the  bus  until  it 
is  finished.  The  remaining  instruments  must  wait  in  turn  for  the 
previous  instrument  to  send  its  data  back  to  the  control  system 
before  they  may  respond.  When  multiple  BUGs  are  used,  the  per 
instrument  distribution  on  the  GPIB  bus  decreases.  Commands 
and  responses  may  be  sent  to,  and  read  back  from,  multiple 
BUG-isoiated  GPIB  instruments  at  the  same  time.  The  BUG 
will  in  turn  relay  the  data  to  the  control  system.  Since  the  BIT- 
BUS  subnet  does  not  need  to  wait  for  individual  node  responses 
before  commands  are  sent  out,  data  throughput  increases. 

The  multimeter  used  for  the  timing  study  was  a  relatively 
quick  responding  instrument.  Far  more  significant  increases  in 
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data  throughput  were  evident  when  instruments,  which  upon  re¬ 
ceiving  a  command  take  several  seconds  to  complete  a  calcula¬ 
tion  or  data  read  before  replying,  were  isolated  behind  GPIB 
BUGs  on  the  B1TBUS  subnet. 

A  disadvantage  to  using  the  BUGs  was  discovered  when  in¬ 
terfacing  to  GPIB  instruments  that  send  several  hundred  data  by¬ 
tes  back  to  the  control  system  in  response  to  a  single  read  com¬ 
mand.  The  current  implementation  of  the  VMEBITBUS  master 
limits  each  BITBUS  message  to  13  data  bytes.  When  an  instru¬ 
ment  such  as  an  oscilloscope  was  connected  to  a  BUG  and  a  wa¬ 
veform  was  sent  back  to  the  control  system,  the  limited  message 
size  required  a  multitude  of  BITBUS  messages  to  be  sent  to  the 
control  system  as  the  result  of  a  single  read  command.  This, 
combined  with  the  limited  speed  of  the  BITBUS  subnet,  pro¬ 
duced  a  bottleneck. 

The  BUG,  in  its  current  state,  is  not  recommended  for  such 
large  data  transactions.  Fortunately,  the  vast  majority  of  instru¬ 
ments  in  the  APS  control  system  respond  with  fewer  than  SO  by- 
tes  as  the  result  of  a  single  read  command.  For  these  applications 
the  BUG  is  well  suited. 

Simple  GPIB  write  commands  that  implement  instrument 
control  and  require  no  response  are  a  different  issue.  The  GPIB 
1014  VME  interface  is  almost  eight  times  faster  than  an  individu¬ 
al  BUG  interface  for  sending  this  type  of  command.  However, 
the  data  throughput  for  GPIB  write  commands  remains  constant 
on  the  GPIB  1014  regardless  of  the  number  of  GPIB  instruments 
added  to  the  link.  Write  commands  to  GPIB  instruments,  iso¬ 
lated  behind  GPIB  BUGs,  show  a  near  linear  increase  in  data 
throughput  as  GPIB  instruments  connected  individually  to 
BUGs  are  added. 

VI.  THE  RS232  BUG  AT  THE  APS 

In  addition  to  the  multidrop  and  distance  extension  abilities 
of  running  RS232 over  BITBUS,  another  advantage  was  discov¬ 
ered.  RS232  instruments  are  often  very  different  in  both  their 
command  sets  and  how  they  respond  to  com mands .  For  instance, 
some  instruments  may  or  may  not  echo  each  received  byte  back 


to  the  control  computer.  Some  units  respond  to  commands  after 
a  carriage  return,  others  need  the  command  placed  in  paren¬ 
theses.  A  variety  of  instruments  return  data  with  a  carriage  return 
and/or  line  feed,  others  use  odd  termination  or  data  return  fram¬ 
ing  characters.  For  these  specialized  cases,  unique  software  for 
each  type  of  controlled  instrument  may  be  created  for  the  BUG. 
Despite  this  additional  software  design  work,  there  are  distinct 
advantages  to  allowing  a  universal  version  of  RS232  software  to 
reside  at  the  point  of  the  control  system  IOC. 

The  BUG  can  also  be  given  the  ability  to  remove  worthless 
data  bytes  or  interpret  data  sent  by  an  RS232  instrument  into  a 
more  concise  package  to  be  sent  to  the  control  system.  For  these 
reasons,  the  RS232  BUG  is  currently  the  only  recommended 
method  for  RS232  instrument  interfacing  to  the  control  system. 


VH.  CONCLUSION  AND  FUTURE  PLANS 

The  BUG  has  proven  itself  as  an  extremely  popular  method 
of  GPIB,  RS232,  and  discrete  I/O  signal  interfacing  to  the  APS 
control  system.  Already  in  this  early  stage  of  construction  at  the 
APS,  as  many  as  35  BUGs  are  in  operation  in  various  test  stands 
and  sections  of  the  accelerator.  Optimization  of  the  BUG  hard¬ 
ware  and  software  will  continue  by  reducing  the  size  of  the  BUG 
to  a  two-board  configuration  due  to  the  exclusive  use  of  the  fiber 
optic  BITBUS  interface,  investigating  faster  VME  BITBUS 
masters,  possibly  increasing  the  size  of  the  BITBUS  message  to 
greater  than  13  bytes,  and  adding  more  supported  I/O  modules. 
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Abstract 

This  paper  presents  the  current  status  of  the  Advanced 
Photon  Source  (APS)  control  system.  It  will  discuss  the  design 
decisions  which  led  us  to  use  industrial  standards  and  collabo¬ 
rations  with  other  laboratories  to  develop  the  APS  control 
system.  The  system  uses  high  performance  graphic  worksta¬ 
tions  and  the  X-windows  Graphical  User  Interface  (GUI)  at  the 
operator  interface  level.  It  connects  to  VME/VXI-based  mi¬ 
croprocessors  at  the  field  level  using  TCP/IP  protocols  over 
high  performance  networks.  This  strategy  assures  the  flexibility 
and  expansibility  of  the  control  system.  A  defined  interface 
between  the  system  components  will  allow  the  system  to 
evolve  with  the  direct  addition  of  future,  improved  equipment 
and  new  capabilities. 

I.  INTRODUCTION 

The  APS  accelerator  control  system  is  a  distributed  sys¬ 
tem  consisting  of  operator  interfaces,  a  network,  and  interfac¬ 
es  to  hardware. 

The  operator  interface  is  a  UNIX-based  workstation  with 
an  X-windows  graphical  user  interface.  The  workstation  may 
be  located  at  any  point  on  the  facility  network  and  maintain  full 
functionality.  The  user  has  the  ability  to  generate  and  alter  con¬ 
trol  displays  and  to  access  the  alarm  handler,  the  archiver, 
interactive  control  programs,  custom  code,  and  other  tools. 

The  TCP/IP  networking  protocol  has  been  selected  as  the 
underlying  protocol  for  the  control  system  network.  TCP/IP  is 
a  commercial  standard  and  readily  available  from  network 
hardware  vendors.  Its  implementation  is  independent  of  the 
particular  network  medium  selected  to  implement  the  controls 
network.  In  the  development  environment  copper  Ethernet  is 
the  network  medium;  however,  in  the  actual  implementation  a 
fiber-based  system  using  hub  technology  will  be  utilized.  The 
function  of  the  network  is  to  provide  a  generalized  communi¬ 
cation  path  between  the  host  computers,  operator  workstations, 
input/output  crates,  and  other  hardware  that  comprise  the  con¬ 
trol  system. 

The  crate  or  input/output  controller  (IOC)  provides  direct 
control  and  input/output  interfaces  for  each  accelerator 
subsystem.  The  standard  crate  uses  either  the  VME  or  VXI 
standards,  a  Motorola  68040  processor,  network  communica¬ 
tions,  and  a  variety  of  signal  and  sub-network  interfaces.  The 
68040  processor  provides  the  crate  with  the  intelligence  to  al¬ 
low  it  to  run  its  software  autonomously  with  respect  to  all 
other  devices  in  the  system.  The  software  running  in  the  crate 
hides  hardware  dependencies  from  the  high-level  software  run¬ 
ning  on  the  workstation.  There  are  approximately  43  crates 
used  in  the  accelerator  control  system  with  plans  for  about  30 
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additional  crates  controlling  insertion  devices.  A  real-time  op¬ 
erating  system,  VxWorks,  is  run  in  the  crate  central  processing 
unit  (CPU)  to  provide  the  basis  for  the  real-time  control. 

Design  challenges  for  the  group  implementing  the  APS 
controls  included  protecting  investment  from  rapid  obsoles¬ 
cence  and  designing  into  the  system  the  ability  to  quickly 
incorporate  improved  equipment  and  software.  The  APS  ap¬ 
proach  to  the  solution  to  these  problems  is  to  use  a  distributed 
control  system  and  standards,  to  provide  "tools"  to  the  greatest 
extent  possible  instead  of  custom  programming,  and  to  collab¬ 
orate  with  other  laboratories  and  groups  whenever  possible. 

H.  STANDARDS 

The  use  of  standards  allows  vendor  independence,  a  mi¬ 
gration  path  for  future  advances  in  technology,  and  the  use  of 
commercially  available  "tools"  when  these  tools  meet 
requirements.  A  modular  approach  to  design  supports  both 
hardware  and  software  modularity  in  crates,  workstations,  I/O 
modules,  etc.  Standards  also  make  it  possible  to  share  acceler¬ 
ator  control  software  and  collaborate  with  other  laboratories. 
Before  hardware  standards,  each  facility  designed  and  built  its 
own  hardware.  This  custom  hardware  also  required  custom 
software.  Today,  most  new  facilities  are  selecting  hardware 
based  upon  industrial  standards  and  thus  sharing  software  has 
become  possible. 

ffl.  COLLABORATION 

The  advantages  of  collaboration  are  obvious.  Collabora¬ 
tion  reduces  the  need  to  start  from  scratch  when  a  majority  of 
the  system  requirements  are  not  unique.  Collaboration  also 
takes  advantage  of  existing  "tools"  that  meet  standard  require¬ 
ments  and  has  the  effect  of  freeing  up  staff  to  work  on  "non-s 
tandard"  requirements.  EPICS  collaborators  now  include  Los 
Alamos  National  Laboratory,  Lawrence  Berkeley  Laboratory, 
and  the  Superconducting  Supercollider  Laboratory. 

Prior  to  the  Accelerator  Control  Toolkit  Workshop  in 
1988  [1]  the  APS  controls  group  had  decided  to  examine  exist¬ 
ing  control  systems  with  the  aim  of  determining  if  they  could  be 
used  at  APS.  After  studying  several  systems  we  decided  to  pur¬ 
sue  a  collaboration  with  the  AT-8  group  at  Los  Alamos  Na¬ 
tional  Laboratory  (LANL). 

APS  received  the  first  version  of  the  LANL  Ground  Test 
Accelerator  Control  System  (GTACS)  software  in  late  1988, 
the  controls  and  computing  group  at  Argonne  APS,  with  the 
cooperation  of  Los  Alamos  AT-8,  suggested  and  implemented 
several  changes  to  the  structure  of  the  core  software  which  fa¬ 
cilitated  the  incorporation  of  many  different  hardware  devices 
without  recompiling  the  complete  code.  This  new,  extensible, 
version  of  the  code  was  then  named  EPICS  (Experimental 
Physics  and  Industrial  Control  System)  to  distinguish  it  from 
the  original  GTACS.  GTACS  is  still  in  use  at  Los  Alamos  and 
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several  other  sites. 

Argonne,  with  the  cooperation  of  Los  Alamos,  has  taken 
a  lead  role  in  developing  and  applying  EPICS  tools.  Los  Alam¬ 
os  has  taken  the  role  of  coordinating  the  development  efforts 
between  laboratories  as  well  as  maintaining  and  improving 
sections  of  the  system  software.  The  Advanced  Photon  Source 
control  system  has  been  completely  developed  using  EPICS 
tools.  The  original  applications  at  APS  were  the  radio  frequen¬ 
cy  (RF)  test  stand  and  the  linac  test  stand.  Today  the  linac  itself 
is  being  installed  and  is  completely  controlled  by  the  EPICS 
system.  As  a  further  example  of  the  APS  commitment  to 
EPICS,  it  has  been  decided  that  EPICS  will  be  the  system  used 
to  develop  and  run  all  ANL-developed  experimental  beamlines 
and  front-end  devices  at  the  APS. 

Continuing  development  of  the  software  is  foreseen.  APS 
plans  to  improve  the  system  by  adding  new  functionality  when 
required  by  applications.  We  expect  other  laboratories  will  also 
add  functionality  to  the  system. 

IV.  GENERAL  DESIGN  FEATURES  OF  EPICS 

EPICS-based  control  systems  include  operator  interfaces 
which  consist  of  multi-screen  UNIX  workstations  using  a 
graphical  user  interface  based  on  the  X-windows  Motif  model. 
The  selection  of  a  workstation  implementation  based  on  X- 
windows  for  the  operator  interface  allows  field  instruments, 
video  tools  and  the  interface  for  controls  and  data  acquisition, 
and  the  software  development  effort  to  take  place  in  the  same 
environment.  It  is  now  possible  to  locate  consoles  in  offices, 
labs,  seminars,  and  wherever  they  are  required  in  the  field.  The 
operator  can  select  by  list,  diagram,  flow  chart,  and  map  as  well 
as  the  more  standard  text-based  selection  menus.  The  worksta¬ 
tion  supports  external  software  interfaces  including:  Wingz, 
Nodal,  Mathematica,  accelerator  modeling  codes,  Fortran,  C, 
and  any  application  software  a  physicist  may  write.  Auxiliary 
displays  using  X-window  terminals  and  projection  and  large 
screen  displays  in  the  main  control  room  and  seminar  rooms  are 
easily  implemented  using  commercial  equipment. 

V.  SPECIFIC  EPICS  FEATURES 

EPICS  provides  a  number  of  tools  for  creating  a  control 
system.  This  minimizes  the  need  for  custom  coding  and  helps 
ensure  uniform  operator  interfaces. 

An  arbitrary  number  of  IOCs  and  operator  interfaces 
(OPIs)  can  be  supported  and,  as  long  as  the  network  is  not  sat¬ 
urated,  no  single  bottleneck  is  present.  If  a  single  IOC  becomes 
saturated,  its  functions  can  be  spread  over  several  IOCs.  Rather 
than  tunning  all  applications  on  a  single  host,  the  applications 
can  be  spread  over  many  OPIs. 

A.  EPICS  Core  Software 

EPICS  consists  of  a  set  of  core  software  and  a  set  of  op¬ 
tional  components.  The  core  software,  i.e.  the  components  of 
EPICS  without  which  EPICS  would  not  function,  are:  channel 
access-client  and  server  software,  database  scanners-monitors, 
the  database  configuration  tool  (DCT),  and  the  source/release 
control.  All  other  software  components  are  optional. 


B.  Channel  Access 

Channel  access  provides  network-transparent  access  to 
IOC  databases.  It  is  based  on  a  client-server  model.  Each  IOC 
provides  a  channel  access  server  which  is  willing  to  establish 
communication  with  an  arbitrary  number  of  clients.  Channel 
access  client  services  are  available  on  both  OPIs  and  IOCs.  A 
client  can  communicate  with  an  arbitrary  number  of  servers.  [2] 

C.  Database 

The  heart  of  an  IOC  is  a  memory-resident  database  to¬ 
gether  with  various  memory-resident  structures  describing  the 
contents  of  the  database.  EPICS  supports  a  large  and  extensible 
set  of  record  types,  e.g.  ai  (Analog  Input),  ao  (Analog  Output), 
etc.  Each  record  type  has  a  fixed  set  of  fields.  Some  fields  are 
common  to  all  record  types  and  others  are  specific  to  particular 
record  types.  Every  record  has  a  record  name  and  every  field 
has  a  field  name.  The  first  field  of  every  database  record  holds 
the  record  name,  which  must  be  unique  across  all  IOCs  at¬ 
tached  to  the  same  TCP/IP  subnet  A  number  of  data  structures 
are  provided  so  that  the  database  can  be  accessed  efficiently. 
Because  they  access  the  database  via  database  access  routines, 
most  software  components  do  not  need  to  be  aware  of  these 
structures. 

D.  Database  Access 

With  the  exception  of  record  and  device  support,  all  ac¬ 
cess  to  the  database  is  via  the  channel  or  database  access 
routines.  Database  scanning  is  the  mechanism  for  deciding 
when  to  process  a  record.  Four  types  of  scanning  are  possible: 
periodic,  event,  I/O  event,  and  passive. 

A  request  can  be  made  to  process  a  record  periodically;  a 
number  of  time  intervals  are  supported.  Event  scanning  is 
based  on  the  posting  of  an  event  by  any  IOC  software 
component.  The  I/O  event  scanning  system  processes  records 
based  on  external  interrupts.  An  IOC  device  driver  interrupt 
routine  must  be  available  to  accept  the  external  interrupts. 

E.  APS-Developed  EPICS  Tools 

The  Motif-based  Display  Editor/Manager  Tool  (MEDM) 
allows  staff  to  easily  create,  configure,  and  modify  displays  and 
then  activate  and  connect  displays  to  actual  hardware.  The  dis¬ 
play  editor  portion  of  MEDM  provides  process  connections  via 
an  interactive  display  editor/control.  Editing/drawing  com¬ 
mands  are  used  to  build  displays  with  little  or  no  custom 
programming  required  to  build  applications.  Process  connec¬ 
tions  to  the  data  are  entered  as  process  variable  name  and  field 
name;  no  other  knowledge  of  the  hardware  configuration  is 
required.  This  tool  allows  the  designer  to  modify  any  aspect  of 
the  display  element,  as  well  as  copy,  align,  and  group  display 
elements.  Standard  drawing  tools  can  be  used  to  create  tack- 
grounds  which  can  then  be  imported  into  MEDM  via  GIF  files. 
The  alarm  handler  provides  the  ability  to  display  alarm  mes¬ 
sages  in  a  hierarchical  manner.  The  backup  and  restore  tool 
(BURT)  stores  and  retrieves  data  from  selected  channels.  A 
database  configuration  tool  (DCT)  allows  the  application  de¬ 
signer  to  configure  the  run-time  database.  The  knob  manager 
(KM)  allows  the  operator  to  attach  physical  knobs  to  process 
variables. 
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Third  party  software  now  interfaced  to  EPICS  via  channel 
access  calls  include  Wingz,  Nodal,  DevTest,  Mathematics  and 
an  interpretative  version  of  C.  An  automatic  cavity  condition¬ 
ing  system  has  been  developed  using  a  Mathamatica  routine 
running  under  EPICS. 

VI.  SYSTEM  FEATURES 

The  equipment  interface  or  input/output  controller  is 
based  on  VME/VXI  standard  and  uses  a  Motorola  68040  mi¬ 
croprocessor  for  control  and  a  fast,  real-time  kernel,  VxWorks, 
as  the  operating  system.  No  local  disk  drive  is  required  in  this 
system.  The  software  image  can  be  down-loaded  from  a  file 
server  or  from  on-board  PROM.  The  system  also  supports  task 
priorities  and  interrupts  as  well  as  custom  code.  The  APS  con¬ 
trol  system  will  use  about  45  such  crates.  More  than  twenty 
VME  input-output  modules  are  currently  supported.  Others 
will  be  supported  as  they  become  available  and  desirable. 

Most  information  preprocessing  is  performed  at  this  level. 
Sequential  and  control-loop  operations  can  be  performed.  In 
this  way,  maximum  benefit  is  gained  from  the  many  IOC  pro¬ 
cessors  operating  in  parallel. 

Hardware  I/O  can  be  generalized  into  several  types:  ana¬ 
log  and  binary  I/O,  stepper  motor,  and  sub-network 
connections.  Hardware  records  contain  information  for  run¬ 
time  processing  including  scaling,  engineering  units,  hardware 
address,  and  scanning  information.  The  process  database  con¬ 
tains  parameters  such  as  scan  requirements,  address  of  I/O, 
engineering  unit  conversions,  alarm  limits,  control  parameters, 
current  value,  etc.  for  each  defined  process  variable.  Records 
can  be  linked  together  to  implement  complex  algorithms.  The 
database  scanner  scans  database  records  and  updates  dynamic 
fields  (L  e.  value,  alarm  status,  severity,  etc.).  Data  conversions 
including  linear,  piecewise  linear,  and  value-to-state  are 
supported.  Alarm  checking  for  limit  violations,  state  violations, 
hardware  communication  errors,  and  alarm  severity  is 
supported.  Binary  and  analog  I/O  are  provided  through  the 
database.  Analog  input  can  be  smoothed,  and  analog  output  can 
be  either  incremental  or  positional  and  the  output  rate  of  change 
can  be  specified.  Multi-bit  (16  states)  and  single  binary  I/Os  are 
supported. 

All  I/O  fields  can  be  connected  to  a  hardware  device  or 
another  database  element  (calculator,  PID,  fan-out  to  several 
devices).  Timing  signals,  motion  control,  and  transient  digitiz¬ 
ers  are  supported  through  the  database. 

Stepper  motor  records  can  get  desired  position/velocity 
input  from  user  or  other  data,  provide  positional  or  velocity 
mode  operation,  provide  position  feedback  through  an  encoder 
or  another  database  record,  and  allow  simple  closed-loop  posi¬ 
tion  maintenance.  Limit  switches  are  supported  through  index¬ 
er  or  other  database  records. 

General  purpose  calculations,  a  PID  algorithm,  and  a  sig¬ 
nal  selector  are  supported  to  provide  closed-loop  control  and 
data  filtering.  The  calculation  record  supports  up  to  six  sets  of 
input,  C  language  expressions,  algebraic  operations,  relational 
operations,  boolean  operations,  and  trigonometric  functions. 
The  PID  algorithm  allows  a  user  interface  optional  database 


connection  for  setpoint,  proportional,  integral,  and  derivative 
gains;  incremental  or  positional  output;  and  anti-windup  and 
reset  cm  the  integral  term. 

VH.  NETWORKS  AND  SUBNETS 

The  communication  network  will  be  a  combination  of 
FDDI,  Ethernet  over  fiber,  and  Ethernet  over  copper.  Future 
plans  call  for  the  introduction  of  100  MB  Ethernet  and  ATM 
when  these  protocols  have  been  standardized.  The  cable  plant 
will  be  installed  using  fiber  with  a  hub  and  spoke  topology.  All 
fibers  will  terminate  in  the  main  control  room.  This  technique 
will  allow  APS  to  tailor  network  bandwidth  as  required  by  the 
application  running  in  a  particular  IOC. 

Subnets  can  be  driven  from  the  IOC.  GPIB,  RS-232,  and 
Bitbus  [3]  are  presently  supported.  These  subnets  allow  vari¬ 
ous  instruments  and  low-cost,  few-point  interfaces  to  be 
connected  and  controlled.  The  Bitbus  can  be  used  to  make  re¬ 
mote,  multidrop  connections  to  GPIB  and  other  interface 
subsystems. 

Vm.  PRESENT  STATUS 

All  seven  of  the  linac  IOCs  are  now  installed  and  have 
been  successfully  tested.  All  subnets  have  been  installed  and 
are  being  tested.  The  linac  timing  system  installation  and  test¬ 
ing  is  complete.  Local  consoles,  implemented  with 
X-terminals,  are  now  operational  in  the  klystron  gallery.  File 
servers  and  OPIs  have  been  installed  in  the  injector  control 
room  to  support  linac  commissioning.  An  FDDI  link  between 
the  Building  362  development  area  and  the  injector  control 
room  has  been  installed  and  is  operational.  This  allows  contin¬ 
ued  controls  development  and  supports  network  growth  into  the 
final  APS  site.  Positron  accumulator  ring  (PAR)  installations 
will  start  in  June  1993. 

EPICS  tools  in  development  include  a  graphical  process- 
variable  links  tool  which  will  reduce  the  complicated  process  of 
creating  and  documenting  multi-parameter  control  processes. 
A  generalized  drag-and-drop  process  has  been  developed  to  fa¬ 
cilitate  the  transfer  of  process-variable  names  between  EPICS 
tools.  The  sequencer  tool  has  been  prated  from  the  IOC  to  the 
OPI  using  a  Posix  threads  library. 
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Abstract 

Crossing  transition  with  an  additional  third  harmonic  cav¬ 
ity  [1]  in  the  Fermilab  Main  Ring  requires  techniques  which 
are  different  from  those  used  previously  at  Fermilab.  The 
implementation  of  these  new  techniques  has  involved  the 
addition  of  new  components  to  the  low  level  RF  system  [2] 
and  a  new  applications  program  to  control  these  new  com¬ 
ponents.  After  an  introduction  to  the  basic  theory,  this 
paper  describes  the  applications  program  and  its  relation 
to  the  low  level  RF  hardware. 

I.  INTRODUCTION 

The  use  of  a  third  harmonic  cavity  during  the  focus  free 
transition  crossing  has  required  additional  low  level  hard¬ 
ware  and  new  controls.  This  paper  describes  the  basic  the¬ 
ory  of  focus  free  transition  crossing  as  well  as  the  basic  low 
level  and  controls.  Details  of  the  low  level  are  described 
elsewhere  [2].  An  applications  program  was  also  written  to 
control  the  hardware  used  and  is  discussed  briefly  in  the 
final  section. 

II.  BASIC  THEORY 

Implementing  the  third  harmonic  transition  scheme  in¬ 
volves  controlling  the  amplitudes,  phases,  and  frequencies 
of  the  53  MHz  and  159  MHz  cavities  during  a  short  time 
near  the  transition  crossing  [3].  During  this  time  the  beam 
is  accelerated  using  a  third  harmonic  cavity  (159  MHz) 
in  addition  to  the  normal  53  MHz  cavities.  By  choosing 
phases  of  90  and  270  degrees  for  the  53  MHz  and  159  MHz 
RF  voltages  and  adjusting  the  ratio  of  amplitudes,  V\  ami 
V3,  it  is  possible  to  produce  an  RF  waveform  which  is  ap¬ 
proximately  constant  for  several  nanoseconds  The  ratio 
of  the  amplitudes,  V3  5?  0.129VY  is  chosen  to  optimize  the 
width  and  uniformity  of  the  flat  portion  of  the  waveform. 
The  particles  in  the  bunch  are  accelerated  by  this  flat  por¬ 
tion  of  the  voltage  waveform  and  therefore  all  the  part  icles 
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Figure  1:  First  and  third  harmonic  waveforms  combined 
to  give  a  nearly  constant  waveform  for  several  nanosec¬ 
onds.  During  transition  the  beam  is  at  the  center  of  the 
flat  portion  of  the  waveform. 

are  accelerated  at.  the  same  rate.  This  is  illustrated  in 
figure  1. 

Since  the  acceleration  rate  is  determined  by  the  Main 
Ring  ramp  rate,  the  voltages  of  the  53  MHz  and  159  MHz 
cavities  must,  also  satisfy  the  relationship 

Krcc  =  E  / /rev  =  VX  -  V3  =  (l  -  .129)^  (1) 

where  E  is  the  Main  Ring  ramp  rate  in  MeV/sec  and  /rev 
is  the  revolution  frequency.  Given  a  time  in  the  Main  Ring 
cycle  and  using  information  from  the  programmed  energy 
ramp,  the  ramp  rate  and  revolution  frequency  can  be  cal¬ 
culated.  The  voltages  V\  and  V3  are  then  uniquely  deter¬ 
mined. 

To  provide  the  correct  voltages  for  the  transition  cross¬ 
ing  means  using  some  new  techniques  and  new  LLRF  hard¬ 
ware  in  addition  to  the  159  MHz  cavity.  In  normal  Main 
Ring  operation  (without,  the  third  harmonic  cavity)  the 
phase  of  the  RF  cavity  is  controlled  by  a  feedback  loop 
using  the  radial  position  erro^  .s  an  input.  This  keeps  the 
accelerating  voltage  at.  the  correct  value,  Vacc  =  Vj  sin($„) 
by  adjusting  the  phase  angle  assuring  that  the  beam  has 
the  correct  energy. 

When  using  the  third  harmonic  cavity  scheme,  however, 
the  phases  of  K]  and  V3  are  fixed  at  90  and  270  degrees. 
Therefore  the  usual  radial  position  phase  feedback  cannot 
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Figure  2:  Relationship  between  different,  vector  voltages 
during  transition.  By  adjusting  the  cone  angle  <!>,.  the  am¬ 
plitude  of  Vj  can  be  adjusted  without  changing  its  phase. 

be  used.  Instead,  the  amplitude  of  the  53  MHz  voltage,  Vj, 
is  modulated  in  response  to  errors  in  the  radial  position 
of  the  beam.  To  accomplish  the  amplitude  modulation, 
the  53  MHz  cavities  are  divided  into  two  groups,  the  A 
and  B  groups,  and  the  phase  of  each  group  is  controlled 
individually.  The  net  53  MHz  voltage  is  then  the  vector 
sum  of  the  A  and  B  group  voltages. 

Vi  =  VA  +  VB.  (2) 

To  simplify  matters  it  is  assumed  that  the  amplitudes 
of  the  A  and  B  group  cavities  are  the  same,  V\  =  Vfe,  and 
that  the  phases  of  the  cavities  are  such  that  <Fb  =  180  —  <I>A. 
A  cone  angle,  <&c,  is  also  defined  as  the  angle  between  the 
A  .and  B  groups  of  cavities 

*c  =  -  <I>A  (3) 

The  relation  of  these  components  is  shown  in  figure  2  Using 
these  definitions,  equation  2  simplifies  and  the  amplitude 
of  the  53  MHz  RF  is  given  by 

V\  =  UA  sin  <hA  +  Ub  sin  <I>b  (4) 

=  IV A  co#(*c/2 )  (5) 

With  the  cavity  phases  and  amplitudes  as  described,  the 
accelerating  voltage  is  maintained  at  the  correct  value  by 
modulating  the  cone  angle  in  response  to  the  radial  posi¬ 
tion  error.  If  the  accelerating  voltage  is  too  large  then  the 
cone  angle  is  increased  and  as  a  result  the  net  53  MHz  volt¬ 
age  is  decreased.  The  change  in  the  accelerating  voltage  is 
given  by  AVacr  =  —  V\  sin(<I>e/2)A<I>o. 

Having  described  the  basic  theory,  the  next  section  de¬ 
scribes  some  of  the  hardware  installed  to  implement  the 
scheme. 

III.  LLRF  HARDWARE 

In  order  to  implement  the  third  harmonic  transition  cross¬ 
ing  scheme,  some  new  hardware  and  LLRF  modules  were 


Figure  3:  Schematic  of  the  low  level  phase  control  of  the 
RF  cavities. 

designed  and  installed.  This  section  schematically  de¬ 
scribes  that  part  of  the  hardware  to  which  the  applications 
program  relates.  When  designing  the  LLRF  modifications 
and  the  applications  program  for  the  third  harmonic  ex¬ 
periment  the  general  philosophy  was  to  leave  as  much  of 
the  present  LLRF  undisturbed  as  possible  making  it  easier 
to  return  to  normal  operations  when  the  third  harmonic 
experiments  are  completed. 

Since  the  transition  crossing  scheme  lasts  for  several  mil¬ 
liseconds,  the  voltages  and  phases  on  the  53  MHz  and 
159  MHz  cavities  must  be  programmed  as  a  function  of 
time.  This  is  accomplished  by  using  a  set  of  CAMAC  465 
and  CAMAC  467  Ramp  Controller  modides.  The  465/7 
cards  are  programmable  voltage  ramps  as  a  function  of 
time  with  a  time  resolution  of  100  /is.  The  relationship 
of  these  cards  to  the  LLRF  and  to  the  operation  of  the 
transition  crossing  is  described  below. 

In  normal  Main  Ring  operations  the  phases  of  the  A 
and  B  group  cavities  are  controlled  via  the  Counterphase 
Shifter  modules.  Usually  these  modules  are  driven  by  the 
Counterphase  Program  Select  (CPPS)  module.  For  the 
third  harmonic  experiment,  however,  a  digital  adder  box 
was  built  and  installed.  The  Adder  box  is  placed  between 
the  CPPS  module  and  the  Shifter  modules.  This  box  has 
three  12  bit.  digital  inputs  and  one  12  bit  digital  output 
for  each  of  the  A  and  B  group  cavities.  The  output  is 
the  digital  sum  of  the  three  inputs.  One  of  the  inputs 
is  the  output  of  the  CPPS.  (Therefore,  if  the  other  two 
inputs  are  zero  the  Main  Ring  is  operated  as  normal.)  The 
second  input  is  the  digital  output,  of  a  CAMAC  467  card 
labeled  M:PPGA.  This  card  is  programmed  to  shift  the 
phase  of  the  A  cavities  to  their  desired  positions  during 
the  transition  crossing.  The  third  input  is  from  the  radial 
position  feedback  loop.  This  input  goes  to  both  the  A  and 
B  inputs  of  the  digital  adder  box  but  with  opposite  signs. 
(See  figure  3.)  Therefore  any  input  from  the  radial  position 
error  lias  the  effect  of  opening  or  closing  the  cone  angle. 

During  transition  crossing  experiments,  the  normal  tran¬ 
sition  phase  jump  from  the  CPPS  is  disabled.  The  outputs 
of  M  PPCA  and  M:PPGB  start  at  zero  degrees  before  the 
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transition  crossing.  When  the  third  harmonic  transition 
scheme  is  initiated  the  M:PPGB  “jumps”  and  M:PPGA  is 
adjusted  to  give  the  correct  cone  angle.  Alter  the  tran¬ 
sition  crossing  is  completed,  the  M:PPGA  “jumps”  and 
both  M:PPGA  and  M:PPGB  output  the  same  value  until 
the  end  of  the  Main  Ring  cycle.  Having  both  M:PPGA 
and  MrPPGB  set  to  some  value  after  the  transition  jump 
serves  the  same  purpose  as  the  transition  phase  jump  that 
the  CPPS  supplies  during  normal  Main  Ring  operations. 

Also  during  normal  Main  Ring  operations,  the  ampli¬ 
tude  of  the  53  MHz  cavities  are  controlled  by  the  out¬ 
put  of  a  CAMAC  365  Ramp  Controller  module  labeled 
M:M3APG.  In  order  to  control  the  amplitude  of  the 
53  MHz  cavities  during  during  the  transition  crossing, 
the  output  of  a  CAMAC  465  card  labeled  M:DHV1  is 
summed  with  the  output  of  the  365  M:M3APG  card  and 
the  summed  output  is  used  to  drive  the  cavities.  The  hard¬ 
ware  was  configured  in  this  manner  to  facilitate  the  return 
of  operations  back  to  the  normal  mode.  By  adding  the 
M:DHV1  card  the  amplitude  of  the  53  MHz  cavities  can 
be  controlled  without  modifying  the  programmed  voltage 
for  normal  operations. 

The  amplitude  of  the  159  MHz  cavity  is  controlled  by 
a  CAMAC  465  card  and  by  feedback  control.  The  output 
of  the  465  card  labeled  M:IIV3PG  provides  the  feed  for¬ 
ward  part  of  the  amplitude  control.  The  frequency  of  the 
159  MHz  is  controlled  by  a  159  MHz  oscillator  which  is 
essentially  a  frequency  trippler  of  the  53  MHz  signal.  The 
amplitude  feedback  and  frequency  control  are  described 
elsewhere. 

Another  function  of  the  applications  program  is  to  con¬ 
trol  the  current  in  the  ferrite  tuner  of  the  159  MHz  cavity. 
This  current  is  controlled  using  another  CAMAC  465  card 
M:FBI3.  A  table  of  current  versus  time  is  entered  by  the 
user  into  the  program  which  then  loads  the  465.  Since  this 
data  is  saved  in  a  disk  file,  it  can  be  conveniently  recalled 
and  reloaded  as  needed. 
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IV.  APPLICATIONS  PROGRAM 

An  applications  program  was  written  using  the  standard 
library  of  controls  subroutines  used  at  Fermilab.  The  pro¬ 
gram  makes  the  computations  outlined  is  section  II  then 
loads  the  CAMAC  465/7  cards  .accordingly.  As  a  depen¬ 
dent  variable  we  chose  the  cone  angle.  Therefore  the  pro¬ 
gram  is  set  up  to  input  the  rone  angle  for  various  times 
during  transition  and  make  calculations  based  on  the  cone 
angle  and  the  programmed  ramp  rate  and  RF  curves 
The  program  also  controls  the  bias  current  to  the  tuner 
for  the  third  harmonic  voltage  '•  1  is  is  done  by  loading 
a  table  of  bias  currents  versus  time.  The  program  then 
loads  the  appropriate  values  to  a  ramp  controller  card.  In 
addition  the  program  controls  various  timers  to  turn  on 
and  off  things  like  feedback  loops  and  power  amplifiers. 
All  of  this  data  can  be  saved  in  a  file  for  use  at  a  later 
time. 
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Abstract 

The  Area  Message  Service  (AMS)  is  a  TCP/IP  based  mes¬ 
saging  service  currently  in  use  at  SLAC.  A  number  of 
projects  under  development  here  at  SLAC  require  an  ap¬ 
plication  level  interface  to  the  4.3BSD  UNIX  socket  level 
communications  functions  using  TCP/IP  over  ethernet. 
AMS  provides  connection  management,  solicited  message 
transfer,  unsolicited  message  transfer,  and  asynchronous 
notification  of  pending  messages.  AMS  is  written  com¬ 
pletely  in  ANSI  ‘C’  and  is  currently  portable  over  three 
hardware/operating  system/network  manager  platforms, 
VAX/ VMS1  /Multinet2 ,  PC/MS-DOS3/Pathworks4,  VME 
68K/pSOS/pNA5.  The  basic  architecture  is  a  client-server 
connection  where  either  end  of  the  interface  may  be  the 
server.  This  allows  for  connections  and  data  flow  to  be 
initiated  from  either  end  of  the  interface.  Included  in  the 
paper  are  details  concerning  the  connection  management, 
the  handling  of  the  multi-platform  code,  and  the  imple¬ 
mentation  process. 

1.  Introduction 

The  principal  reason  for  developing  the  AMS  was  to  pro¬ 
vide  network  services  to  hardware  and  software  which  was 
not  already  supported  by  the  Stanford  Linear  Collider 
(SLC)  control  system.  The  initial  demand  for  AMS  came 
from  a  specific  project,  the  Machine  Protection  System 
(MPS)  and  was  soon  followed  by  projects  being  developed 
off-line  and  off-site  by  various  collaborators.  In  attempting 
to  satisfy  the  need  to  access  the  SLC  control  system  and 
database  by  diverse  projects,  the  following  requirements 
were  specified. 

1.  The  message  service  shall  be  able  to  be  implemented 
on  a  variety  of  hardware  and  software  platforms  and  should 
be  easy  to  port  to  new  configurations  when  needed.  The 
platforms  to  be  supported  initially  were  VAX/VMS,  Mo¬ 
torola  680X0/pSOS,  PC/MS-DOS. 

2.  The  message  service  shall  rely  on  readily  available 
hardware,  software  and  protocol  support.  This  was  seen 
to  have  the  following  advantages:  new  implementations 
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would  be  easier  to  generate,  projects  being  developed  at 
other  sites  would  get  easier  access  to  the  appropriate  hard¬ 
ware  and  software,  using  widely  used  protocols  would  al¬ 
low  off-site  developers  to  connect  to  the  control  system  re¬ 
motely  for  testing  purposes  and  developers  would  be  able 
to  test  their  software  off-site  in  the  same  network  environ¬ 
ment  as  the  production  environment. 

3.  The  network  services  must  be  able  to  be  integrated 
into  the  existing  SLC  network  software. 

4.  The  services  shall  not  impose  a  particular  paradigm: 
for  example,  server-client,  master-slave.  Applications  shall 
select  which  ever  paradigm  was  appropriate  for  them. 

5.  The  services  shall  provide  a  flexible  naming  scheme 
which  was  suitable  in  a  real-time  environment. 

6.  AMS  shall  not  issue  error  messages.  Instead  it  shall 
simply  return  status  to  the  caller. 

2.  Overview 

It  was  decided  that  Ethernet  and  TCP/IP  would  provide 
the  underlying  physical,  network  and  transport  layers  and 
that  the  package  would  rely  specifically  on  TCP  as  the 
transport  layer.  Thus  AMS  consists  of  a  layer  between  the 
application  program  and  TCP/IP:  calls  made  by  the  ap¬ 
plication  to  send  and  receive  data  to  other  tasks  are  trans¬ 
lated  into  the  appropriate  TCP  calls  to  set  up  connections 
and  send  or  receive  data.  The  application  is  oblivious  to 
the  connection  management  being  undertaken  on  its  be¬ 
half. 

AMS  provides  two  types  of  transfers,  synchronized  and 
unsynchronized.  A  synchronized  message  expects  a  reply 
which  is  bound  specifically  to  that  message.  An  unsyn¬ 
chronized  request  is  like  a  reliable  datagram.  No  reply  or 
acknowledgement  is  expected  at  the  application  level  al¬ 
though  the  TCP  protocol  provides  reliable  delivery. 

AMS  provides  asynchronous  notification  of  arrival  of  a 
message  or  a  reply  to  a  message.  At  present  it  is  only  im¬ 
plemented  on  the  VAX  platrorm.  Other  implementations 
can  provide  this  if  the  operating  system  allows  and  it  is 
required  by  the  applications. 

AMS  provides  peer  to  peer  services.  That  is,  any  process 
can  initiate  or  receive  a  data  transfer  at  any  time.  If  a  pro¬ 
cess  attempts  to  send  data  to  a  process  to  which  a  connec¬ 
tion  has  not  yet  been  established,  AMS  transparently  sets 
up  the  connection.  If  a  connection  crashes,  AMS  attempts 
to  re-establish  the  connection  when  the  next  message  is 
sent.  Thus,  AMS  provides  the  appearance  of  connection- 
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less  network  services  by  hiding  the  connection  management 
from  the  application. 

A  name  translation  service  is  provided  so  that  local  name 
table  maintenance  is  not  necessary.  This  service  can  be 
provided  from  more  than  one  source,  to  avoid  having  a 
single  point  of  failure,  and  it  allows  for  dynamic  address 
assignment  so  that  in  the  event  of  a  system  failure  the 
translation  for  a  name,  ‘ONLINE’  for  example,  can  be  re¬ 
assigned  to  the  address  of  the  current  online  host.  This 
name  server  currently  runs  only  under  VMS. 

A  naming  convention  is  used  to  allow  the  application 
program  to  send  and  receive  messages  to  AMS  peers  using 
ASCII  node  and  task  names.  In  this  convention  the  node 
name  corresponds  to  the  IP  address  and  task  name  corre¬ 
sponds  to  the  TCP  port  number.  The  translation  of  these 
node  and  task  names  to  IP  addresses  and  port  numbers  is 
provided  by  the  name  server. 

3.  Connection  Management 

One  design  goal  of  AMS  is  to  hide  connection  management 
from  the  user  providing  peer  to  peer  networking  in  keeping 
with  the  current  SLC  control  system  message  service.  Each 
AMS  peer  which  uses  AMS  has  a  server  socket  to  passively 
accept  connection  requests  and  a  client  socket  to  actively 
connect  a  client  socket  to  a  target  AMS  peer.  AMS  initial¬ 
ization  is  performed  by  calling  AMS  JNIT  with  a  number 
of  configuration  arguments  such  as  the  maximum  size  of 
the  messages  to  be  sent/received,  the  maximum  number 
of  nodes  to  connect  to,  lists  of  AMS  peer  names  to  send 
or  receive  from,  etc.  The  initialization  routine:  allocates 
memory  space  to  use  at  run  time;  sets  up  a  linked  list  of 
records  which  track  the  status  of  each  connection;  sets  up 
the  local  server  socket  to  accept  incoming  connections;  al¬ 
locates  a  client  socket  for  each  possible  remote  connection; 
tries  to  connect  to  each  possible  remote  peer;  registers  the 
peer  with  the  name  server;  and  then  returns  to  the  user. 
To  remove  AMS  from  a  process  the  AMS.KILL  routine  is 
used  which  closes  all  allocated  socket  structures  including 
the  server  socket,  frees  the  AMS  allocated  memory  space 
and  removes  the  AMS  peer  from  the  name  server. 

During  runtime  the  code  checks  to  see  if  there  are  any 
outstanding  incoming  connection  requests  at  the  server 
port  and  connects  them  as  required.  If  a  data  send  is 
required  and  there  are  no  connections  to  the  peer,  AMS 
tries  to  set  up  a  connection  to  the  peer  and  complete  the 
data  transfer. 

4.  Message  Transfer 

The  calling  interface  provides  two  modes  for  sending  mes¬ 
sages,  “synchronized”  and  “unsynchronized”.  Syn¬ 
chronized  mode  provides  a  mechanism  by  which  a  sending 
task  can  bind  an  outbound  message  with  a  specific  reply. 
If  a  reply  to  a  synchronized  message  is  not  received  within 
a  specified  timeout  but  is  later  generated  by  the  receiver, 


because,  for  example,  the  receiver’s  host  is  slow  or  the  func¬ 
tion  requested  takes  a  long  time,  it  will  be  discarded.  Thus, 
an  application  can  be  sure  that  a  synchronized  reply  really 
“belongs”  to  the  message  last  sent.  It  also  ensures  that 
the  reply  comes  from  the  instantiation  of  the  task  which 
received  the  message.  Unsynchronized  mode  provides  a 
simple  message  transfer  without  regard  to  synchronization 
and  without  regard  lo  the  current  instantiation  of  the  re¬ 
ceiving  task.  Thus  two  unsynchronized  messages  could  be 
received  by  different  sequential  executions  of  the  same  task. 

Synchronized  messages  are  supported  by  the  services 
AMS-SEND.SYNCH,  AMS-SEND-REPLY,  AMS-GET-- 
REPLY  and  AMS.RECEIVE.  Synchronized  messages  are 
sent  by  calling  the  routine  AMS-SEND-SYNCH.  This  al¬ 
lows  the  caller  to  send  multiple  synchronized  messages  in 
the  one  call  and  primes  the  message  service  to  expect 
replies.  Message  destinations  are  identified  uniquely  by 
the  triplet  (node,  task,  command)  and  only  one  oustand- 
ing  message  to  a  specific  triplet  is  allowed  at  any  time. 

Once  a  synchronized  message  has  been  sent,  it  can  be 
“cancelled”  by  receipt  of  a  reply  from  the  target  or  a  time¬ 
out  where  the  timeout  period  for  a  reply  starts  after  AMS-- 
GET-REPLY  has  been  called.  After  sending  a  synchro¬ 
nized  message,  the  sender  can  receive  a  reply  by  calling 
AMS-GET-REPLY.  This  service  allows  the  caller  to  spec¬ 
ify  a  list  of  messages  sent  using  one  or  more  previous  calls 
to  AMS-SEND-SYNCH.  In  AMS-GET-REPLY  a  timeout 
can  be  specified  after  which  any  replies  to  the  messages 
specified  are  discarded.  In  addition,  for  each  message  in 
the  list,  a  status  is  returned  which  specifies  the  fate  of  the 
reply.  Once  a  timeout  has  expired,  a  new  message  can  be 
sent  to  the  same  triplet.  In  this  case  it  is  possible  that 
the  receiver  is  still  holding  onto  messages  from  a  previous 
“send”.  In  fact,  messages  can  “stack  up”  in  the  receiver 
and  will  be  presented  to  the  application  in  the  order  re¬ 
ceived.  If  a  receiver  replies  to  messages  which  have  been 
timed-out,  the  replies  are  discarded  by  AMS  at  the  sender 
end. 

Replies  are  sent  using  the  service  AMS-SEND_REPLY. 
AMS  checks  that  replies  correspond  with  synchronized 
messages  previously  received  and  for  given  node/task,  it 
always  generates  replies  to  the  earliest  synchronized  mes¬ 
sage  received. 

Unsynchronized  messages  are  supported  by  the  ser¬ 
vices  AMS-SEND,  AMS.RECEIVE  and  AMS-RECEIVE-- 
NOWAIT.  To  send  an  unsynchronized  message,  the  routine 
AMS-SEND  is  called. 

To  receive  the  next  available  message,  AMS-RECEIVE 
or  AMS-RECEIVE-NOWAIT  is  called.  These  routines  re¬ 
turn  both  synchronized  and  unsynchronized  messages.  It 
is  up  to  the  application  to  decide  which  type  of  message  it 
has  received.  The  ''nowait” version  provides  a  mechanism 
for  asynchronous  notification  under  VMS. 

AMS-RECEIVE-NOWAIT  will  set  up  an  Asynchronous 
System  Trap  (AST)  for  when  a  message  arrives  unless  there 
is  already  a  message  waiting.  When  a  message  arrives, 
the  AST  set  up  by  A MS-RECEIVE.NOWAIT  will  copy- 
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the  message  into  the  user’s  buffer,  remove  its  own  internal 
copy,  set  the  user’s  event  flag  and  call  the  user’s  AST. 

5.  Name  Server 

The  name  server  process  currently  runs  on  the  VAX  plat¬ 
form  only.  It  has  a  hardcoded,  well  known  IP  port  and 
IP  address  but  future  plans  include  the  ability  to  move 
the  server  from  node  to  node.  TCP/IP  was  chosen  for  the 
server  connection  protocol  since  there  was  already  a  base 
of  TCP  code  implemented  for  AMS.  This  will  eventually 
change  to  UDP  to  allow  less  network  overhead,  quicker 
response,  and  the  ability  to  use  multicast  features.  The 
server  simply  loops  accepting  new  connections  from  AMS 
clients,  servicing  name  translation  requests  and  closing  the 
connections.  Utilities  to  support  server  diagnostics  and 
routine  shutdown  and  startup  procedures  are  in  develop¬ 
ment  now. 

The  AMS  name  server  client  code  resides  along  with  the 
rest  of  the  AMS  code  in  each  platform’s  libraries.  The 
client  connects  to  the  name  server,  sends  a  name  transla¬ 
tion  request  to  the  name  server,  and  returns.  There  are  no 
special  features  in  these  client  operations. 

6.  Security 

Security  is  required  to  protect  an  AMS  peer  from  receiving 
connections  from  unauthorized  clients.  Extra  connections 
including  accidental  and  malicious  attempts  to  talk  to  an 
peer  are  not  allowed.  Each  peer  provides  a  list  of  permitted 
peers  to  AMS  at  initialization  time.  This  list  is  checked 
at  connect  time  to  ensure  that  the  incoming  peer  is  valid 
and  permitted.  The  notion  of  a  ALL*  (or  total  wildcard) 
is  used  to  tell  AMS  that  any  peer  may  be  connected  and 
received/sent  to.  The  use  of  ALL*  bypasses  the  use  of  the 
permitted  peer  list,  but  does  check  the  name  server  to  val¬ 
idate  the  peer  name.  The  name  server  is  the  central  place 
where  security  is  checked.  Before  a  peer  is  recognized  it 
must  register  with  the  name  server.  After  it  has  registered, 
other  peers  may  attempt  connections  to  it.  When  AMS  no 
longer  exists  for  a  particular  node,  the  peer  can  be  removed 
from  the  name  server  by  calling  AMS-K1LL. 

7.  Implementation 

All  of  the  AMS  source  code  is  stored  on  the  VAX/VMS  sys¬ 
tem  using  the  Digital  Equipment  Corporation  Code  Man¬ 
agement  System  (CMS)  as  the  code  management  tool. 
This  allows  multiple  programmers  to  work  on  the  same 
bits  of  code  with  a  minimum  of  conflicts.  The  code  is 
shared  amongst  the  differing  platforms  by  using  a  special 
include  file,  one  for  each  platform.  This  include  file  pro¬ 
vides  a  means  to  translate  file  names,  differing  function  re¬ 
turn  codes  and  differing  function  call  names.  Very  f«w  ‘C’ 


language  #ifdef  statements  are  actually  used  in  the  code 
which  makes  maintainence  and  readability  much  easier. 

The  first  goal  in  the  implementation  process  was  to  get  a 
simple  connect  and  data  passing  skeleton  up  and  working. 
The  requirement  was  to  implement  the  basic  connection 
philosophy  as  the  foundation  for  the  send/receive  portions 
of  the  code.  AMSJNIT  was  the  first  routine  to  be  coded 
along  with  the  multi-platform  include  files.  VAX  to  VAX 
were  the  first  connections,  followed  by  the  68K  to  VAX. 
The  MS-DOS  port  followed  soon  after  to  ensure  that  the 
multi-platform  coding  philosophy  was  correct.  After  con¬ 
nections  were  established,  the  passing  of  data  was  the  next 
step.  The  send  routines  were  simple  since  it  is  an  active 
type  of  transaction.  Receive  was  more  difficult  because  of 
the  polling  nature  of  time  independent  data  receives.  The 
TCP  socket  select  call  was  implemented  along  with  buffer 
allocation  routines  to  allow  receiving  data  with  a  minimum 
of  CPU  overhead.  Studies  of  CPU  and  network  perfor¬ 
mance  were  done  soon  after  the  intial  releases  of  AMS.  It 
was  found  that  each  VAX  process  using  AMS  consumed 
substantial  CPU  time  calling  the  TCP  select  call  to  see  if 
any  new  data  was  available.  The  no.wait  receive  routines 
were  then  coded  specifically  for  the  VAX  platform  to  cut 
this  CPU  time  down.  The  name  server  was  the  last  part  of 
the  project  to  be  implemented.  Previous  to  this  time,  all 
AMS  peer  names  were  stored  in  hard  coded  tables  internal 
to  AMS. 

8.  Future  Plans 

There  are  plans  to  improve  AMS  as  the  user  base  grows. 
The  most  important  plan  is  to  change  the  name  server 
communications  from  TCP  to  UDP.  This  will  reduce  net¬ 
work  traffic  and  server  node  CPU  usage.  There  also  needs 
to  be  failover  procedures  in  software  to  gracefully  handle 
the  transfer  of  the  SLC  control  system  from  on  VAX  to  an¬ 
other  with  the  AMS  impact  being  the  node  location  of  the 
name  server  and  the  translation  of  the  node  names  “PRO¬ 
DUCTION’’  and  “DEVELOPMENT”  which  are  used  by 
the  AMS  peers  to  distinguish  between  the  SLC  VAX’es. 
There  are  also  a  number  of  diagnostic  tools  to  support  the 
name  server  which  need  development. 

AMS  is  currently  being  used  by  a  number  of  develop¬ 
ment  projects  here  at  SLAC  and  has  had  nearly  a  year  of 
satisfactory  service.  It  has  proven  itself  to  be  a  reliable 
messaging  service  and  has  met  all  of  it’s  design  goals.  The 
first  production  release  of  projects  using  AMS  are  due  in 
the  very  near  future. 
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Abstract 

The  SLAC  Controls  Department  has  interfaced  IBM- 
Compatible  PCs  to  the  SLC  Control  System,  for  use  by 
the  Final  Focus  Test  Beam  (FFTB)  experimenters,  who 
are  building  new  accelerator  equipment  and  developing  and 
testing  it  at  their  home  institutions.  They  will  bring  the 
equipment  to  SLAC  and  integrate  it  into  the  control  sys¬ 
tem  using  a  new  software  package.  The  machine  physicists 
and  operators  will  use  the  existing  SLC  control  system  ap¬ 
plications  and  database  device  types  to  control  and  mon¬ 
itor  the  equipment.  The  PCs  support  a  limited  control 
enviroment:  they  run  DOS  and  exchange  messages  with 
the  existing  control  system  via  TCP/IP  over  ethernet,  us¬ 
ing  the  new  SLC  Area  Message  Service.  This  mechanism 
will  also  allow  SLC  to  implement  other  commercial  device 
controllers  that  can  communicate  over  ethernet  and  run 
the  same  software  interface  code. 


Introduction 

Final  Focus  Test  Beam  (FFTB)  is  an  international  collab¬ 
oration  that  will  run  this  year  at  Stanford  Linear  Accelera¬ 
tor  Center  (SLAC).  The  collaborating  institutions  are  pro¬ 
viding  instrumentation  and  control  computers  that  they 
are  bringing  from  their  home  institutions  and  connecting 
to  the  existing  Stanford  Linear  Collider  (SLC)  accelerator 
control  system. 

This  paper  describes  the  method  used  to  connect  this 
instrumentation  to  the  SLC  control  system  so  that  the  op¬ 
erator  interface  from  the  control  room  matches  the  existing 
control  system. 


Justification 

PCs  were  chosen  for  the  control  computers  because  they 
can  be  used  in  a  standalone  mode  to  develop  instrumen¬ 
tation,  they  are  commonly  available,  and  they  have  good 
development  tools.  The  international  collaborators  can  de¬ 
velop  the  instrumentation  at  their  home  institutions,  and 
bring  their  instruments  and  PC  to  SLAC. 


‘Work  supported  by  the  Department  of  Energy,  contract  DE- 
AC03-76SF00515 


Figure  1:  Adding  PCs  via  ethernet  to  SLC  Control  System 

Additions  to  SLC  Control  System 

The  existing  SLC  control  system  generally  consists  of: 

•  a  SLC  Control  Program  (SCP)  that  operators  use 
from  an  X-windows  compatible  terminal. 

•  the  database  describing  accelerator  devices. 

•  a  host  VAX  on  which  we  run  the  SCP,  database,  and 
other  applications. 

•  standard  SLC  80386  micros  that  run  the  Intel  RMX 
operating  system,  and  are  geographically  distributed 
throughout  the  accelerator  to  control  and  monitor  the 
accelerator  devices. 

•  the  SLCNET  proprietary  network  and  network  soft¬ 
ware. 

An  FFTB  PC  is  a  IBM  PC-compatible  that  runs  MS- 
DOS,  and  communicates  with  the  VAX  over  ethernet  using 
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the  TCP/IP  protocol.  Figure  1  shows  the  PC  added  to  the 
SLC  control  system. 

FFTB  experimenters  bring  accelerator  instrumentation 
that  is  controlled  by  a  PC-compatible  computer.  The  PC 
runs  a  program  that  receives  and  processes  device  com¬ 
mands.  The  program  is  built  from  experimenter  software 
linked  to  a  SLAC-developed  library. 

SLAC  Controls  has  written  a  PC  library  that  pro¬ 
vides  the  basic  micro  services  and  device  support,  a  VAX- 
resident  Database  Server  (FFTB-DBS)  that  allows  a  PC 
to  access  the  SLC  database,  and  a  VAX-resident  Network 
Server  (A-SERVER)  that  redirects  messages  to  the  PCs 
from  existing  SCP  and  applications. 

The  network  software  is  SLAC’s  Area  Message  Service 
(AMS)  [1]  that  resides  on  the  VAX  and  PCs  and  sends  mes¬ 
sages  using  commercial  TCP/IP  software:  TGV’s  Multinet 
on  the  VAX,  and  DEC’s  TCP/IP  on  the  PCs. 

To  support  FFTB,  we  have  not  modified  the  SCP,  other 
application  programs,  or  the  database  device  types. 

Figure  2  shows  the  software  components. 


PC  PC 


Figure  2:  Software  Components  for  FFTB  PC 

To  add  an  FFTB  PC  to  the  control  system,  we  identify 
the  standard  SLC  device-types  needed  for  the  instrumenta¬ 
tion,  define  the  FFTB  devices  in  the  database,  and  define 
the  PC  as  an  FFTB  PC. 


Using  PCs,  KEK  provides  FFTB  quadrupoles  and  a 
quadrupole-support  table,  and  Beam  Size  Monitor  instru¬ 
mentation.  A  SLAC/DESY  group  provides  FFTB  beam¬ 
line  alignment  instrumentation. 

Alternate  Platform 

The  main  use  of  this  package  is  on  a  PC-compatible.  The 
FFTB  package  can  also  run  as  a  process  on  the  VAX,  em¬ 
ulating  the  functionality  of  a  remote  micro.  An  initial 
implementation  of  this  VAX  process,  called  a  VAX-based 
micro,  is  presently  used  to  control  FFTB  magnet  mover 
devices.  The  movers  are  physically  connected  to  standard 
SLC  micros,  and  were  initially  developed  and  tested  with  a 
standalone  VAX  program.  To  integrate  these  movers  into 
the  control  system,  the  FFTB  package  runs  as  a  VAX- 
based  micro,  controls  the  mover  devices  and  supports  de¬ 
vice  commands  issued  from  the  SCP.  The  VAX-based  mi¬ 
cro  sends  messages  to  standard  SLC  micros  to  control  the 
physical  hardware,  performs  special  transformations  that 
are  specific  to  the  FFTB  movers,  and  replies  to  the  SCP 
commands. 

The  VAX-based  micro  is  also  used  to  test  PC  software. 

Functionality  of  a  PC 

To  use  a  PC  to  control  devices,  the  PC  must  support  a 
subset  of  the  standard  SLC  micro  functionality.  This  in¬ 
cludes: 

•  devices  in  the  database:  the  PC  supports  a  subset  of 
standard  SLC  devices.  The  PC  emulates  all  the  nec¬ 
essary  characteristics  of  these  device  types,  updating 
all  values  in  the  database  for  the  given  device  type.  A 
PC  owns  database  units  to  describe  any  instruments 
that  are  connected  to  the  PC. 

•  communication  with  SCPs,  supporting  existing  appli¬ 
cation  messages. 

•  periodic  events  to  trigger  updates  of  PC  device  values 
in  the  database. 

The  PC  program  acts  both  as  a  server  and  a  client.  It  is 
a  server  to  the  SCP,  processing  SCP  messages  that  contain 
device  control  or  monitor  command.  To  support  the  SCP 
message,  the  PC  must  get  and  put  device  values  from/to 
the  SLC  database  that  resides  on  the  VAX.  The  PC  is 
then  a  client  to  the  database  server,  requesting  get/put 
operations  of  values  in  the  database. 

The  SLAC-written  PC  library  hides  many  of  the  details 
of  the  SLC  micro  and  its  integration  within  the  control 
system.  The  interface  with  experimenter-written  code  is 
well-defined  [2]  and  simpler  than  similar  interfaces  in  stan¬ 
dard  SLC  micros. 

The  PC  library  contains  device-specific  functions  for  the 
supported  device  types.  The  experimenter  initializes  a  de¬ 
vice  buffer,  and  then  gets/puts  values  from/to  the  database 
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for  devices  via  tbe  device  buffers.  For  each  device  buffer, 
the  experimenter  provides  the  address  of  their  routine 
which  will  do  the  physical  device  I/O  and  command  pro¬ 
cessing.  The  PC  library  and  database  server  support  four 
device  buffer  types:  actuator,  analog',  digital,  and  general. 

A  PC  uses:  actuator  buffers  to  get/put  database  values 
for  magnets  and  power  supplies,  analog  buffers  for  floating 
point  values,  digital  buffers  for  digital  states  (bits),  and 
general  buffers  to  get  device  values  for  any  other  type  of 
device  in  the  database. 

The  PC  library  contains  a  main  function  that  initializes 
the  network,  and  then  enters  a  loop  that  dispatches  SCP 
messages  to  the  experimenter-written  code  for  process¬ 
ing,  dispatches  commands  to  experimenter-written  code 
requesting  a  periodic  update  of  devices  values  to  the 
database,  and  calls  the  user  each  loop  execution. 

The  experimenter  also  writes  three  pre-deflned  func¬ 
tions:  USERJNIT  to  intialize  their  hardware  and 
actuator,  analog,  digital,  and  general  device  buffers; 
USER-CODE  to  execute  periodic  functions  needed  each 
program  loop;  and  USER-STOP  to  shut-down  their  appli¬ 
cation. 

The  PC  can  get  values  from  the  database  for  devices  in 
any  part  of  the  accelerator.  The  PC  must  maintain  current 
values  for  devices  that  it  owns  in  the  database. 

PCs  do  not  receive  SLC  timing  interrupts.  Timing  sig¬ 
nals  are  generated  by  standard  SLC  micros,  and  delivered 
directly  to  hardware  that  is  connected  to  the  PC. 

Database  Server 

The  VAX-resident  database  server,  FFTB-DBS,  provides 
access  to  the  database  via  device  buffers.  It  performs  de¬ 
vice  buffer  initialization,  get  and  put  of  values  via  de¬ 
vice  buffers,  cancellation  of  device  buffers,  protection  of 
database  access  to  allow  a  PC  to  write  to  only  its  own 
database  devices,  and  other  important  support  functions. 
The  database  server  contains  critical  information  to  access 
the  database.  PCs  do  not  directly  access  database  val¬ 
ues,  thus  protecting  the  database.  The  server  allows  easy 
control  of  database  access. 

Message  Server 

The  VAX-resident  message  server,  A-SERVER,  dispatches 
all  commuications  between  SCPs  and  PCs.  When  the  SCP 
or  other  application  program  calls  the  existing  message  ser¬ 
vice,  and  wants  to  communicate  with  a  node  connected  to 
ethernet,  the  message  is  routed  to  this  server.  A-SERVER 
sends/receives  messages  via  AMS  to  the  ethernet  nodes. 
We  updated  the  existing  SLC  message  functions  to  recog¬ 
nize  a  node  that  is  connected  to  ethernet,  and  to  redirect 
the  message  to  A-SERVER. 

Both  FFTB-DBS  and  A-SERVER  use  a  list  of  legal 
nodes,  providing  security  for  which  nodes  can  connect  to 
the  control  system  via  AMS. 


The  number  of  available  DOS  TCP/IP  connections  is  a 
critical  resource.  We  have  used  a  single  message  server  to 
reduce  the  number  of  connections  between  a  PC  and  the 
SCPs  and  other  VAX  applications. 

Project  Status  and  Futures 

We  are  close  to  completion  of  this  project.  The  FFTB  ex¬ 
periment  will  use  PCs  and  VAX-based  micros  this  summer 
and  autumn  to  measure  the  alignment  of  movers,  control 
and  monitor  quadrupole-support  table,  measure  beam  size, 
and  control  the  movers. 

For  future  projects,  this  package  can  be  used  to  connect 
smart  instruments  to  the  control  system.  We  have  started 
to  migrate  this  package  to  an  HP  Unix  system  for  con¬ 
trol  and  monitoring  of  smart  instrumentation.  The  AMS 
network  is  already  implemented  on  the  HP  platform.  We 
plan  to  compile  and  link  the  PC  library  on  the  HP  plat¬ 
form,  define  database  devices  and  control  the  instruments 
from  the  existing  SCP  and  other  applications.  We  can  add 
additional  device  commands  to  control/monitor  the  smart 
devices. 

Using  this  package  for  VAX-based  micros,  we  support 
unique  devices  that  exist  in  small  numbers.  When  device 
support  is  added  to  a  standard  SLC  micro,  it  is  generally 
added  to  all  the  micros  in  the  control  system.  When  the 
support  is  complicated  and  requires  prototyping,  or  it  is 
needed  in  only  one  part  of  the  accelerator,  we  can  now 
implement  the  micro  that  controls  the  devices,  in  a  VAX- 
based  micro  or  in  a  PC. 
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Abstract 

A  data  acquisition  method  has  been  devel¬ 
oped  at  the  SLAC  Linear  Collider  (SLC)  that 
provides  accurate  beam  parameter  information 
using  sub-tolerance  excitation  and  synchronized 
detection.  This  is  being  applied  to  several  SLC 
sub-systems  to  provide  high  speed  feedback  on 
beam  parameters  such  as  linac  output  energy 
spread.  The  method  has  significantly  improved 
control  of  the  linac  energy  spread.  The  linac  av¬ 
erage  phase  offset  (4),  used  to  compensate  the 
effects  of  longitudinal  wakefields1,  is  adjusted 
±1  control  bit  (about  0.18*  S-band  or  20%  of 
tolerance),  in  a  continuous  fashion.  Properly 
coordinated  beam  energy  measurements  provide 
a  measure  of  the  derivative  of  the  accelerating 
voltage  (dE/d+).  The  position  of  the  beam  on  the 
RF  wave  can  thus  be  determined  to  ±  0.3’  in 
about  3  seconds.  The  dithering  does  not  con¬ 
tribute  significantly  to  the  energy  jitter  of  the 
SLC  and  therefore  does  not  adversely  affect  rou¬ 
tine  operation.  Future  applications  include  con¬ 
trol  of  the  interaction  region  beam  size  and 
orientation. 

L  Introduction 


this  are  the  average  linac  RF  phase  offset,  ($), 
and  the  skew,  waist  and  chromatic  corrections 
appbed  to  the  interaction  region  beam  spot 

While  centroid  parameters  can  be  easily  de¬ 
tected  and  corrected  locally,  beam  size  parame¬ 
ters  may  not  be  correctable  locally  because  the 
source  of  error  may  not  be  locally  identifiable  or 
correctable.  However,  such  errors  can  grow  er*’ 
become  more  difficult  to  correct  if  not  corrected 
as  locally  as  possible^.  Perhaps  the  most  impor¬ 
tant  reason  for  local  feedback  is  that  the  transfer 
function  between  the  detector  and  the  corrector  is 
likely  to  be  more  stable.  In  other  words,  global 
variables  such  as  storage  ring  capture  or  luminos¬ 
ity  should  not  be  used  to  provide  signals  to  loops 
which  have  controls  that  are  far  away. 

At  the  SLC  we  have  applied  a  dither  tech¬ 
nique  for  beam  size  optimization.  With  this  tech¬ 
nique  small  changes  are  applied  to  key  devices 
and  the  associated  response  is  separately  mea¬ 
sured.  The  sign  of  the  small  signal  response  is 
required,  in  general,  to  indicate  which  way  the 
control  should  be  varied.  The  narrow  band  tech¬ 
nique  can  be  used  to  reduce  measurement  statis¬ 
tical  and  systematic  errors. 


Linear  colliders  require  very  tight  control  of 
beam  parameters  such  as  energy  spread  and  emit- 
tance.  Typical  beam  feedback  loops  in  wide¬ 
spread  use  at  SLC  stabilize  the  beam  centroid  to 
a  previously  recorded  position  or  energy.  Beyond 
this,  optimization  or  minimization  'feedback'  is 
required  that  does  not  restore  the  beam  to  any 
previous  setting  but  instead  moves  it  as  required 
in  order  to  reach  an  optimum  as  defined  with 
respect  to  a  well  defined  signaL  These  loops  then 
perform  many  routine  tasks  presently  delegated 
to  operators  and  the  operators  task  becomes  one 
of  monitoring  their  performance. 

Typical  application  of  minimization  loops  is 
in  the  control  of  phase  space  volume  or  orienta¬ 
tion.  Limitations  in  instrumentation,  namely  the 
lack  of  ubiquitous  single  pulse  beam  size  moni¬ 
tors,  require  indirect  means  of  measuring  phase 
space  volume.  A  novel  technique  has  been  tested 
at  SLC  that  provides  accurate  control  of  indi¬ 
rectly  monitored  parameters  through  narrow 
band  signal  averaging.  At  SLC,  two  examples  of 


IL  Technique 

The  technique  is  an  improvement  over  pre¬ 
viously  established  correlation  procedures-1  since 
it  uses  a  sub-tolerance  excitation  and  measures 
only  the  local  slope.  The  luminosity  lost  in  the 
process  can  be  easily  estimated  in  the  case  where 
the  luminosity  depends  quadratically  on  the  con¬ 
trol 

Let : 

Sy  =  the  standard  deviation  of  a  single 
measurement  of  the  quantity  to  minimized 


the  standard  deviation  of  a  single 


Ax 

dithered  slope  measurement 

Save  =  the  standard  deviation  of  the  average 
of  N  dither  measurements 

Sdes  =  desired  standard  deviation  of 
averaged  dither  measurements 
Ax  =  total  amount  of  the  dither 
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m  =  number  of  beam  pulses  per  half  dither 
measurement  (up  for  m  and  down  for  m) 

N  =  number  of  dither  measurements 
averaged 

f  =  repetition  rate  of  the  accelerator  (120Hz 
for  SLC) 

Then  the  error  for  a  single  dither 
measurement  is: 


Ax 

and  the  error  for  N  dither  measurements: 

S  .IXh L 

•ve  VmNDx 

Total  time  to  make  a  measurement  of 
accuracy  S^: 


Loss  in  luminosity,  assuming  a  quadratic 
behavior  of  the  luminosity  around  present  state: 


The  loss  in  luminosity  is  fixed  for  a  given 
desired  accuracy.  Using  a  large  number  of  small 
steps  or  a  small  number  of  large  steps  is  equiva¬ 
lent.  This  is  only  true  for  linear  response. 
Furthermore  the  accuracy  depends  on  the  beam 
stability  during  the  measurement. 

The  technique  relies  on  the  broadly  based, 
powerful,  synchronized  data  acquisition  of  the 
SLC  control  system.  In  the  scheme  adopted  for 
this  purpose,  synchronizing  codes  are  broadcast 
to  all  SLC  remote  data  acquisition  computers. 
The  codes  serve  to  prepare  and  start  the  se¬ 
quence,  guaranteeing  that  the  control  device  is 
adjusted  and  the  data  collected  on  the  correct 
pulse.  Data  can  be  acquired  from  throughout  the 
complex  providing  a  mechanism  for  correlation 
studies.  In  the  feedback  central  processor,  the 
signal  is  analyzed  against  the  excitation  and  the 
response  is  estimated  Figure  1  shows  a  diagnos¬ 
tic,  with  ten  times  the  normal  excitation,  used  to 
test  the  system.  It  is  clear  from  the  figure  that  the 
nominal  excitation  of  0.18*  gives  a  negligible 
contribution  to  the  energy  jitter. 

m.  Application  and  Results 

Table  1  lists  some  of  the  applications  of 
minimisation  feedback  in  the  SLC.  The  first  two 
rows  outline  the  average  phase  stabilization.  We 
will  now  describe  this  application. 


Time  (seconds) 


Figure  1.  Energy  measurements  taken  on  500  successive  pulses  showing  the  dither  control.  For  this 
diagnostic  test,  the  dither  amplitude  is  10  times  the  nominal  0.18*. 
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Loop 

Method 

Control 

Sensor 

Dither  step  size 

Linac  4  off 

dE/d* 

Phase  shifter 

BPM*s  -  high  ft 

0.2’ 

Injector  ♦  off 

dE/d+ 

Phase  shifter 

BPM’s-  high  ti 

or 

Ring  Extraction 
Kicker  Timing 

change  in  x 
correlated  with 
kicker  timing 

Thy  ration 
trigger  timing 

Linac  BPM's 

Natural  Thyratron 
jitter,  -0.1ns  rms 

IP  Waist 

Fast  Luminosity 
Monitor 

Final  triplet 
lens 

Deflection  angle  and 
luminosity  monitor 

enough  to  drop  L 
bv  ~5% 

IP  Skew 

Fast  Luminosity 
Monitor 

Skew 

auadrupole 

Deflection  angle  and 
luminosity  monitor 

enough  to  drop  L 
bv  ~5% 

Fast  Luminosity 
Monitor 

Sextupoles 

Deflection  angle  and 
luminosity  monitor 

enough  to  drop  L 
bv  -5% 

IP  Dispersion 

Fast  Luminosity 
Monitor 

chromatic 
co it.  quad 

Deflection  angle  and 
luminosity  monitor 

enough  to  drop  L 
bv  ~5% 

Table  1 .  The  first  minimization  loops  to  be  implemented  at  SLC.  The  last  4  are  an  extension  of 
existing  automated  interaction  region  (IP)  tuning. 

V.  Reference* 


The  single,  high  peak  current  bunch  in  the 
SLC  linac  requires  strong  beam  loading  compen¬ 
sation  for  longitudinal  wakefield  compensation. 
The  slope  of  the  accelerating  RF  is  used  for 
compensation  with  the  bunch  typically  placed  5 
to  10*  ahead  of  the  crest.  The  energy  spread  and 
the  tails  of  the  energy  spread  distribution  must  be 
minimized  to  achieve  optimum  performance  of 
the  downstream  chromatic  corrections  and  to  re¬ 
duce  detector  backgrounds.  The  problem  is  that 
the  optimum  is  poorly  defined  by  the  wire  scans 
of  the  profile  itself.  Assuming  constant  intensity 
and  bunch  length,  the  optimum  phase  offset 
(+off)  is  constant  and  by  determining  $0ff  from 
dE/cty,  the  derivative  of  energy  with  respect  to 
phase  we  can  more  accurately  place  the  bunch  on 
the  RF.  The  feedback  loop  will  dither  the  beam 
with  a  30Hz  cycle  period,  ±1  digital  to  analog 
converter  least  significant  bit,  and  apply  the  con¬ 
trol  at  an  update  rate  of  0.1  Hz.  Note  that  for  the 
narrow  band  technique,  different  dithering  fre¬ 
quencies  are  required  if  multiple  loops  operate  at 
once. 

IV.  Conclusion 

The  narrow  band  dither  technique  will  have 
application  in  other  machines4.  It  has  the  pro¬ 
mise  of  providing  accurate  data  that  is  not  pos¬ 
sible  to  acquire  in  more  conventional  look  and 
adjust  schemes.  Ultimately,  this  technique  may 
be  used  to  remove  some  of  the  load  of  the 
operators. 


*  K.  L.  Bane  et  al.,  “Measurements  of 
Longitudinal  Phase  Space  in  the  SLC  Linac,” 
Proceedings  of  the  Second  European  Particle 
Accelerator  Conference,  p.  1 762  (1 990). 

2  J.  Seeman,  et.al.,  'The  Introduction  of 
Trajectoiy  Oscillations  to  Reduce  Emittance 
Growth  in  the  SLC  Linac',  Proceedings  of  the 
XVth  International  Conference  on  High  Energy 
Accelerators',  Hamburg,  1992. 

3  L.  Hendrickson,  et.al.,  'The  Correlation 
Plot  Facility  in  the  SLC  Control  System', 
Proceedings  of  the  1991  IEEE  PAC. 

4  R.  Schmidt,  'Real  Time  Applications', 
Presented  at  the  First  European  Workshop  on 
Beam  Instrumentation  and  Diagnostics  for 
Particle  Accelerators’,  Montreux,  Switzerland, 
May  1993. 
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Thermal  Stabilization  of  Low  Level  RF  Distribution  Systems  at  SLAC* 
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ABSTRACT 

Analysis  of  SLC  accelerator  operator  activity,  in  particular 
control  system  knob  turns,  indicated  poor  thermal  stability  per¬ 
formance  of  the  low  level  RF  distribution  system  in  the  SLC 
injector  and  positron  production  complex.  Daily  drifts  of  up  to 
15°  S-band  delay,  about  30  times  the  tolerance,  were  ob¬ 
served.  In  this  paper  we  describe  the  tool  used  to  track  down 
and  quantify  operator  knob  turn  activity,  the  low  level  RF  dis¬ 
tribution  stabilization  systems,  and  some  fixes  used  to  correct 
the  problem.  In  order  to  identify  poorly  performing  compo¬ 
nents,  a  beam  timing  or  phase  monitor  diagnostic  has  been  de¬ 
veloped.  Initial  results  from  it  will  be  presented. 

INTRODUCTION 

The  SLC  RF  distribution  system  has  evolved  from  the 
original  SLAC  design.  The  original  system  consists  of  a  main 
drive  line  running  the  length  of  the  linac  with  couplers  at  the 
beginning  of  each  of  the  30  sectors.  The  portion  of  the  RF 
that  is  coupled  out  of  the  main  drive-line  at  the  start  of  each 
sector  is  amplified  by  a  sub-booster,  and  distributed  along  a 
sub-drive  line  to  each  of  the  eight  klystrons.  Temperature 
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Figure  1 :  Knob  turns  made  by  the  operators  over  a  24  hr. 
period  are  shown  above.  The  first  six  are  knobs  that  control 
RF  phase  shifters  in  the  electron  and  positron  production 
areas.  The  large  number  of  knob  turns  for  these  devices,  in¬ 
dicates  phase  poor  stability  in  the  their  respective  RF 
distribution  systems. 
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stabilization  of  the  main  and  sub-drive  lines  is  only  partially 
effective,  and  diurnal  phase  changes  correlated  with 
temperature  have  been  a  source  of  instability.  For  SLC, 
temperature  stabilized  phase  reference  lines1  have  been  added 
to  each  sector.  These  reference  lines  provide  a  reference  phase 
to  each  klystron  in  a  sector.  The  injector  and  positron 
production  complex  have  been  fitted  with  a  number  of  these 
phase  reference  lines  and  a  marked  increase  in  the  phase 
stability  has  been  observed.  However,  operators  must  still 
apply  diurnal  phase  adjustments  to  the  electron  injector  and  the 
positron  capture  klystrons  to  maintain  injection  of  electrons 
and  positrons  into  the  damping  rings.  Two  software 
packages;  Error  Log  and  SLC  History  Buffers2  are  used  to 
help  determine  which  RF  devices  require  the  most  adjustment. 
Some  of  the  phase  stability  problems  have  been  traced  to  poor 
temperature  stabilization  of  coaxial  cables.  A  low  cost  coaxial 
cable  temperature  stabilization  system  has  been  developed  to 
fix  identified  problems. 

Software  tools 
Knob  Turns 

The  SLC  control  system  is  used  to  control  all  phase  shifters 
in  the  RF  distribution  system.  An  operator  wishing  to  adjust 
the  phase  of  an  RF  device,  selects  the  appropriate  phase  shifter 
and  assigns  it  to  a  knob.  The  knob  is  turned  to  adjust  the 
phase  the  desired  amount.  A  control  system  program  called 
ERROR  LOG  creates  an  entry  in  a  file  each  time  the  knob  is 
turned.  The  entry  consists  of  a  time  stamp,  the  knob  name, 
the  identification  number  of  the  control  console  where  the 
knob  was  assigned,  and  the  value  of  the  device.  The  entries 
can  be  collected  for  any  period  of  time  up  to  a  year  and  printed 
out.  Figure  1  shows  the  knob  turns  for  a  24  hr.  period.  The 
first  six  entries  are  phase  shifters.  The  large  number  of  knob 
turns  for  these  devices  indicate  stability  problems  with  the 
corresponding  portions  of  the  RF  distribution  systems. 

History  Buffer 

The  SLC  History  Buffer  is  another  software  tool.  Every 
three  to  six  minutes  the  data  returned  from  most  devices  is 
saved.  The  data  can  be  plotted  vs.  time,  or  vs.  the  data  from 
other  devices.  The  data  can  be  plotted  for  the  last  few 
minutes,  or  the  last  year.  The  history  buffer  data  is  used  to 
look  for  correlation's  between  phase  changes  in  RF  devices 
and  temperature.  When  the  phase  of  a  device  is  dependent  on 
several  parameters,  including  temperature,  the  history  buffer 
data  of  the  known  parameters  can  be  subtracted  away  revealing 
any  remaining  temperature  correlation  Figure  2  shows  a 
portion  of  the  injector  RF  distribution  system.  The 
CIDM_PHAS  PAD  (phase  and  amplitude  detector)  provides  a 
measurement  of  the  phase  between  the  injector  klystron  RF 
and  SB  0  (sub-booster  0)  RF.  The  SB  0  PAD  measures  phase 
changes  made  by  its  phase  shifter.  Phase  changes  measured  by 
the  CIDM_PHAS  PAD  should  be  due  only  to  adjustments  of 
the  CIDM_PHAS  phase  shifter  and  the  SB  0  phase  shifter. 
Figure  3a  shows  history  buffer  readings  of  the  CIDM_PHAS 
PAD.  Figure  3b  shows  the  same  data  after  subtracting  out  the 
phase  changes  made  by  operators  adjusting  the  CIDM_PHAS 
phase  shifter.  If  the  RF  distribution  system  were  perfect,  the 
remaining  phase  changes  should  be  due  entirely  to  changes  in 
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Figure  2:  Electron  injector  RF  distribution  system. 
Operators  adjust  CIDM_PHAS  and  SB  0  phase 
knobs  to  maintain  injection  into  the  north  damping 
ring.  Two  2.5m  sections  of  the  RF  distribution 
system  have  been  fitted  with  a  electric  cable  tem¬ 
perature  stabilization  system  (shown  with  the 
numbers  1&2  above).  This  has  improved  the 
stability  of  the  system. 

the  phase  of  sub-booster  0.  In  figure  3c,  the  data  from  the  SB 
0  PAD  is  subtracted  from  the  data  in  figure  3b.  A  remaining 
diurnal  phase  change  is  clearly  seen.  These  two  sections  of 
the  RF  distribution  system  are  being  investigated  to  determine 
the  cause  of  this  phase  error. 

PHASE  REFERENCE  LINE  IMPROVEMENTS 

An  inspection  of  the  phase  reference  lines  in  the  injector  re¬ 
vealed  two  2.5  m  sections  and  a  number  of  smaller  lengths  that 
had  no  temperature  stabilization.  The  phase  reference  lines  are 
"phase  stabilized"  lengths  of  Andrews  LDF4-50  coaxial  cable. 
The  phase  change  calculated  from  Andrews  phase  stability 
documentation3,  indicated  that  the  5m  of  unstabilized  cable 
should  have  an  S-band  phase  shift  of  0.04  deg./  °F.  For  the 
30°F  temperature  change  shown  in  figure  4a,  the  5m  of 
unstabilized  cable  should  contribute  1.25  degrees  to  the 
observed  8.5  deg.  S-band  phase  change.  At  the  end  of  the 
1992  run  these  two  2.5m  sections  of  cable  were  fitted  with  the 
electrical  stabilization  system  described  below.  History  buffer 
data  showing  the  correlation  between  temperature  and  phase 
for  the  1992  and  1993  runs  are  shown  in  figure  4.  Stabilizing 
the  5m  of  cable,  reduced  the  temperature  phase  corr  lation  by 
14%.  This  is  in  good  agreement  with  the  predicted  change  of 
15%  . 


Figure  3:  Figure  3a  (Top)  is  history  buffer  data  from 
C1DM_PHAS  PAD.  Figure  3b  (middle)  is 
CIDM_PHAS  PAD  data  minus  CIDM_PHAS  knob 
turns.  Figure  3c  (bottom)  is  data  from  figure  3b  minus 
SB  0  PAD  data.  The  remaining  diurnal  phase 
variations  indicate  temperature  instabilities  is  the  low 
level  RF  distribution  system. 
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Temperature  vs  phase  for  1993  run 
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Temperature  stabilization  of  coaxial  cables 

For  SLC,  the  control  of  propagation  delay  in  the  phase  ref¬ 
erence  lines  has  been  accomplished  by  placing  the  cables  in¬ 
side  double  wall  tubing  with  temperature-stabilized  water 
flowing  between  the  walls1.  Hot  and  cool  water  are  mixed  so 
that  the  temperature  at  the  pump  output  was  kept  constant.  A 
new  system  that  operates  well  above  the  ambient  temperature 
and  requires  only  the  input  of  heat  has  been  developed. 


Figure  4:  Figure  4a  shows  the  temperature  phase 
correlation  between  the  injector  air  temperature  and 
CIDM_PHAS  PAD  readings  for  the  1992  run.  Two 
electric  cable  temperature  stabilization  systems  were 
added  (see  figure  2)  before  the  1993  run.  Figure  4b 
shows  the  resultant  14%  reduction  in  the  temperature 
phase  correlation. 

In  this  scheme,  control  of  the  propagation  delay  of  coaxial 
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cables  is  accomplished  by  maintaining  an  average  cable 
temperature.  If  die  temperature  drops  in  a  section  of  cable 
producing  a  decrease  in  propagation  delay,  the  entire  cable 
temperature  is  raised  slightly  to  produce  an  increase  in  delay 
that  cancels  the  original  change.  A  sensor  described  below 
measures  the  cable’s  average  temperature.  Heater  tapes  are 
used  to  heat  the  cable  to  its  operating  point  and  produce  the 
small  temperature  changes  which  control  its  propagation  delay. 
The  coaxial  cables,  the  sensor,  and  heater  tapes  are  covered 
with  semi-rigid  foam  insulation.  A  cut  away  drawing  of  the 
system  is  shown  in  figure  5. 

Measuring  the  average  temperature  of  the  cable  with  a  single 
sensor  distributed  over  the  entire  cable  was  determined  to  be 
more  effective  and  less  costly  than  many  discrete  sensors.  A 
distributed  RTD  (resistance  temperature  detector)  running  the 
length  of  the  cable  was  developed.  A  prototype  sensor  was 
constructed  by  sandwiching  eight  strands  of  36  gauge 
enameled  copper  wire  between  two  pieces  of  flexible  cloth 
backed  tape.  The  number  and  gauge  of  the  strands  can  be 
varied  so  that  when  connected  in  series  and  in  parallel,  the  re¬ 
sistance  is  lOo  ohms  at  0  °C.  Minco  Corp.  manufactures  dis¬ 
tributed  RTDs  and  can  supply  units  up  to  80ft.  in  length. 

Heat  for  the  system  is  provided  by  self-regulating  heater 
tapes  manufactured  by  Raychem  Corp.  This  product  consists 
of  two  parallel  conductors  with  a  resistive  material  between 
them.  As  the  temperature  of  the  tape  increases  die  resistance 
of  the  material  between  the  conductors  also  increases  reducing 
the  current  flow  through  the  tape.  This  self  regulating  feature 
prevents  thermal  runaway  in  the  event  of  a  temperature  con¬ 
troller  malfunction.  This  product  has  an  output  of  32.8 
watts/m  at  10  °C.  As  the  temperature  of  the  cable  is  raised  to 
its  normal  operating  point  of  about  43  °C,  the  output  of  the 
heater  tape  falls  to  12  watts/m.  A  double  helix  of  this  material 
is  wrapped  around  the  cable  assembly  with  a  pitch  of  one 
revolution/m,  giving  a  total  of  24  watts/m  for  both  heater 
tapes.  The  insulating  foam  jacket  has  an  inside  diameter  of 
7.6cm  and  a  wall  thickness  of  2.5cm.  Using  the  foam's  R 
value  of  5.2  and  a  maximum  temperature  differential  of  50  °C, 
the  heat  loss  through  the  insulation  is  20  watts/m.4  The 
distributed  RTD  is  connected  to  a  standard  temperature 
controller  whose  setpoint  is  adjusted  above  the  highest 
expected  air  temperature.  The  controller  applies  power  to  the 
heater  tapes  to  increase  the  average  temperature  of  the  coaxial 
cable.  After  the  average  temperature  of  the  cable  reaches  the 
setpoint,  the  power  is  cycled  on  and  off  by  the  controller  to 
keep  the  temperature  constant. 

PERFORMANCE  OF  STABILIZED  COAXIAL  CABLES 

The  performance  of  the  temperature  stabilized  cable  was  eval¬ 
uated  by  measuring  its  propagation  delay.  A  TDR  (time 


Figure  6:  TDR  (time  domain  reflectometry)  data  of 
temperature  stabilized  cable,  along  with  outside  air 
temperature.  While  the  temperature  stabilization  system 
was  active,  the  change  fTapaijation  delay  of  the  20m  cable 
was  0.3ps.  The  system  us  turned  off  around  noon  on 
day  289. 


Figure  5:  Cut  away  of  a  section  of  temperature  stabilized 
cable.  The  distributed  RTD  (resistance  temperature 
detector)  runs  the  length  of  the  cable  and  is  connected  to 
a  temperature  controller  which  then  measures  the  average 
temperature  of  the  cable.  The  controller  cycles  power  to 
the  heater  tapes  to  maintain  this  temperature. 

domain  reflectometer)  was  connected  to  a  10  meter  piece  of 
temperature  controlled  cable  and  the  round  trip  travel  time  of 
the  pulse  was  measured  over  several  day/night  periods. 
Results  of  this  test  are  shown  in  figure  6.  The  calculated 
temperature  change  of  the  cable  while  the  temperature 
stabilization  system  was  functioning  is  about  +/-0.35  °C.  This 
is  based  on  the  20m  path  length  of  the  TDR  pulse,  the 
0.042ps/m  °C  temperature  coefficient  for  the  cable  and  the 
0.3ps  propagation  delay  change  observed  in  figure  6.  Tests 
on  other  pieces  of  stabilized  cable  have  indicated  that  the 
temperature  controller  used  is  affected  by  the  temperature 
variations  in  the  klystron  gallery.  Tests  with  other  controllers 
are  planned  for  the  future. 

Conclusions 

Software  tools  have  been  developed  to  help  locate  and 
quantify  stability  problems  in  the  SLC  low  level  distribution 
system.  Knob  turn  software  has  identified  the  systems  that 
show  the  greatest  instability  and  History  Buffers  have  been 
used  to  demonstrate  the  magnitude  of  the  temperature  phase 
correlation  s.  Initial  installations  of  electric  cable  temperature 
stabilization  systems  have  proved  to  be  reliable  and  effective  at 
maintaining  the  average  temperature  of  the  cables  at  +/-0.35  C 
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Abstract 

The  Cornell  Electron  Storage  Ring  (CESR)  has  provided 
over  2.5  fb'1  integrated  luminosity  on  the  Y(4S)  resonance 
and  nearby  continuum,  facilitating  measurements  of  B  meson 
decays.  In  order  to  seek  out  rarer  events,  the  luminosity  of  the 
storage  ring  must  maintain  a  geometric  growth.  The 
luminosity  upgrade  program  of  CESR  provides  this  growth 
capability  while  utilizing  many  of  the  developments  in 
technology  and  accelerator  physics  required  for  later  upgrade  to 
an  asymmetric  B  factory.  All  upgrades  incorporate 
approximately  the  same  per-bunch  parameters  as  in  CESR's 
present  operation.  The  next  step  in  the  upgrade  replaces  the 
individual  bunches  with  "bunch  trains,"  or  closely  spaced 
groups  of  bunches  treated  as  a  single  bunch  by  the  pretzel 
separation  secheme.  The  higher  beam  currents  will  require 
improvements  to  the  RF,  vacuum,  feedback,  and  injector 
systems.  Separation  at  the  parasitic  interaction  points  near  the 
main  interaction  point  is  provided  by  a  small  horizontal 
crossing  angle.  Machine  experiments  have  been  conducted  to 
determine  criteria  for  separation  at  parasitic  crossings  and 
measure  the  effects  of  small  crossing  angles  on  beam-beam 
dynamics,  as  well  as  study  other  topics  related  to  the  upgrade 
program. 

I.  INTRODUCTION 

Since  the  commissioning  of  CESR  in  1979,  the  CLEO 
and  CUSB  experiments  at  Cornell  have  been  a  primary  source 
of  experimental  data  on  B  meson  decays.  Several  of  the 
important  observations  first  made  at  CESR  are: 

•  Y(4S)  resonance 

•  First  evidence  for  B  mesons 

•  b  — >  c  decays 

•  First  measurement  of  B  mass 

•  b-»u  decays 

•  B°  — >  \\f  Ks 

•  higher  order  loop  decays  of  B  mesons 

•  ->  rc+rt' 

where  the  last  four  processes  provide  direct  evidence  for  the 
existance  of  cp  violation  and  channels  for  its  observation  in  B 
decays. 

The  primary  goal  of  the  laboratory  is  the  detailed 
exploration  of  B  meson  decays,  and  particularly  the 
characterization  of  cp  violation.  At  this  time,  the  most  direct 
path  appears  to  be  through  neutral  B  decays  which  requires  the 


relativistic  boost  of  an  asymmetric  collider.  Thus  the  CESR 
B  asymmetric  B  factory  is  the  principal  goal  of  the  laboratory. 

As  much  of  the  technology  required  for  an  asymmetric  B 
factory  is  related  to  the  large  beam  currents  and  closely  spaced 
bunches,  also  needed  for  upgraded  CESR  operation,  carrying 
out  an  upgrade  program  for  CESR  is  a  conservative  yet  timely 
approach  to  an  asymmetric  B  factory.  Accordingly  we  have 
planned  a  phased  upgrade  to  CESR  which  will  provide 
increased  luminosity  to  satisfy  near  term  physics  needs,  will 
establish  a  solid  technical  basis  for  CESR  B  operation,  and 
will  be  compatible  with  the  commissioning  of  CESR  B  as 
soon  as  possible  after  approval. 

n.  present  CESR  status 

The  CESR  facility  has  been  described  in  detail  in  several 
documents  [1,23,4].  The  accelerator  facility  is  located  on  the 
side  of  a  small  valley,  providing  convenient  access  to  the 
accelerator  tunnel  which  is  approximately  15  m  below  the 
surface  level.  The  storage  ring  and  former  12  GeV  electron 
synchrotron  share  a  3.3  m  diameter  tunnel  with  a 
circumference  of  768  m.  A  300  MeV  linac  provides  a  2.5  ps 
long  stream  of  bunches  to  the  synchrotron  which  accelerates 
these  bunches  to  as  much  as  8  GeV.  Thus  full  energy 
injection  of  nearly  all  bunches  stored  in  one  beam  in  CESR  is 
possible. 

The  storage  ring  itself  is  capable,  in  principle,  of  operating 
from  3  to  8  GeV.  However,  because  of  the  strong  interest  in 
B  physics,  performance  has  been  optimized  in  the  range  of 
4.7-6.0  GeV  beam  energy.  Independent  power  supplies[5]  for 
the  102  quadrupoles  and  84  sextupoles  provide  great  flexibility 
in  optics  implementation  which  has  proven  invaluable  for 
both  operations  and  machine  studies. 

CESR  operates  with  a  single  interaction  point 
(accomodating  the  CLEO  detector)  and  7  bunches  per  beam. 
The  bunches  collide  head-on,  but  electrons  and  positrons 
follow  separate  (horizontal)  closed  orbits  for  approximately 
88%  of  the  circumference  to  provide  separation  at  the  13 
parasitic  crossing  points.  These  orbits,  or  "pretzels,"  are 
extablished  by  4  electrostatic  separators.  A  schematic  plan 
view  showing  the  pretzel  orbits  is  shown  in  Figure  1. 

A  list  of  the  principal  operating  characteristics  of  CESR 
may  be  found  in  Table  1  (later  in  this  document).  Several 
parameters  merit  special  note. 

We  have  found  by  extensive  machine  studies  [6]  that, 
while  the  vertical  beam-beam  parameter,  £v,  falls  as  Py 
approaches  the  bunch  length,  <T]  ,  the  best  luminosity 
(proportional  to  £v  /  Py)  is  found  when  Py  =  oj. 

P^  itself  is  less  than  2.0  cm.  Beam  size  and  chromaticity 
are  limited  by  the  use  of  1.22  m  long  permanent  magnet  quads 


*  Work  supported  by  the  US  National  Science  Foundation. 


1978 


Figure  1.  Schematic  layout  of  CESR  and  injector  complex. 
Prezel  orbits  for  7  bunch  operation  are  superimposed  on  the 
CESR  ring. 

with  a  gradient  of  approximately  IS  T/m.  Energy  flexibility 
is  provided  by  an  adjacent  electromagnetic  quad. 

The  charge  per  bunch  is  modest,  minimizing  blowup  of 
vertical  emittance  by  the  beam-beam  effect  During  machine 
studies  with  1  bunch/beam,  up  to  3x10* 1  e/bunch  have  been 
collided. 

The  vertical  beam-beam  parameter,  £v.  reaches  0.04  during 
high  energy  physics.  £h  is  also  around  0.04  during  physics 
runs,  and  somewhat  higher  during  single  bunch  machine 
studies. 

III.  UPGRADE  PATH 

The  luminosity  of  a  colliding  beam  machine  is  often 
parameterized  in  terms  of  total  beam  current  and  factors 
determining  the  luminosity  per  bunch: 

L  =  2.17(l+r)Ebeam'j7^f'  Ibeam  (1) 

p  V 

where  L  is  luminosity  in  units  of  1032  cm^-s'1,  r  is  the 
beam  aspect  ratio  at  the  ip,  Ebeam  the  beam  energy  (GeV), 
the  beam-beam  parameter,  Py  the  vertical  focussing 
function  at  the  i.p.  (m),  and  Ibeam  the  current  per  beam  (A). 

Here  Ebeam  is  determined  by  the  physics  and  we  will 
continue  to  use  flat  beams  (r  small)  to  avoid  background 
problems  and  optics  designs  which  are  difficult  to  impliment. 
Of  the  remaining  three  parameters,  we  choose  to  concentrate 
initially  on  increasing  total  beam  current,  Ibeam-  After 
looking  at  the  accelerator  physics  and  engineering  problems 
associated  with  each  of  these  three  parameters,  we  feel  that  the 
largest  potential  gain  lies  in  the  total  beam  current  Short  of  a 
breakthrough  in  understanding  of  the  beam-beam  effect,  is 


unlikely  to  be  increased  much  beyond  0.06,  and  may  be 
adversely  affected  by  changes  made  Li  p^  or  Ibeam-  Reducing 
PT,  will  requre  reducing  the  bunch  length  proportionately. 
These  changes  will  increase  chromaticity  (Q"),  RF  voltage 
requirements,  and  higher  order  mode  (HOM)  losses,  all  of 
which  are  undesirable  and,  in  turn,  affect  limits  on  £y  and 
Ibeam- 

Having  chosen  to  increase  Ibeam.  there  remains  the  deci¬ 
sion  of  how  to  distribute  the  additional  current  The  HOM 
losses,  at  constant  bunch  length,  scale  as  Ibunch  x  Ibeam.  so 
these  will  increase  as  Ibeam  if  the  current  per  bunch  is  in¬ 
creased,  but  only  as  Ibeam  if  we  increase  the  number  of 
bunches  and  keep  the  bunch  current  constant  A  more  funda¬ 
mental  limit  results  from  beam-beam  effects.  The  horizontal 
beam-beam  parameter,  increases  linearly  with  Ibunch-  In 
the  case  when  4y  has  reached  a  saturation  limit,  the  vertical 
emittance  increases  with  bunch  current  causing  the  beam  life¬ 
time  to  decrease  (and  often  the  detector  background  to  increase) 
beyond  some  limiting  current  For  these  reasons  we  choose  to 
increase  the  number  of  bunches  in  CESR. 

Assuring  sufficient  separation  of  counter-rotating  bunches 
at  all  parasitic  crossing  points  is  the  most  fundamental  consid¬ 
eration  in  planning  the  distribution  of  additional  bunches.  The 
most  obvious  option  is  to  increase  the  number  of  "loops"  in 
the  pretzel  orbit  shown  in  Figure  1  by  increasing  the  horizon¬ 
tal  betatron  tune,  Qh-  This  option  results  in  stronger  sex- 
tupoles  which  reduces  the  dynamic  aperture  of  the  machine  and 
increases  the  difficulty  of  balancing  optics  distortions  from  the 
off-center  orbits  of  the  pretzel  through  the  sextupoles.  An 
increase  from  7  to  12  bunches  per  beam  may  be  possible  by 
this  approach. 

A  more  attractive  option  [7]  is  to  use  each  pretzel  loop  to 
separate  multiple  parasitic  crossings.  This  leads  to  grouping 
the  additional  bunches  in  "trains."  Thus  several  trains  of  2  to 
S  bunches  each  could  be  separated  using  a  pretzel  scheme 
resembling  that  currently  used.  We  have  studied  options 
capable  of  accomodating  as  many  as  45  bunches  per  beam 
arranged  in  9  trains,  each  with  5  bunches. 

There  is  an  additional  complication  with  this  approach. 
The  closely  spaced  bunches  in  each  train  create  parasitic 
crossings  very  close  to  the  main  interaction  point  (i.p.), 
posing  a  difficult  separation  problem.  The  bunches  could  be 
separated  at  these  parasitic  crossings  if  a  small  crossing  angle 
is  used  at  the  i.p.  The  pretzel  orbits  near  the  IR  arc  shown  for 
both  present  (7  bunch)  layout  and  for  a  bunch  train  with 
crossing  angle  layout  (9x3  bunches)  in  Figure  2. 

IV.  UPGRADE  PLAN 

We  are  following  a  phased  approach  to  the  CESR 
luminosity  upgrade.  There  are  several  reasons  for  this. 
Operational  reliability  is  maximized  by  relatively  short 
shutdowns  to  install  hardware  for  each  phase  and  the  option  to 
go  back  to  a  previous  configuration  is  available.  We  get 
practical  experience  with  equipment  and  optics  configurations 
with  fewer  bunches  and  lower  currents  before  adding  the 
complications  of  more  parasitic  crossings  and  higher  currents. 
The  beam  current  is  increased  gradually,  accommodating  the 
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Figure  2.  Pretzel  separation  plan  near  the  IR.  The  present  7 
bunch  lauout  is  shown  in  the  top  view.  The  9x3  bunch 
train  with  a  ±2.5  mr  horizontal  crossing  angle  is  shown  in 
the  bottom  view.  The  scales'  aspect  ratio  is  highly  distorted. 

conditioning  of  RF  cavities  and  separators  into  the  schedule. 
The  gradual  increase  of  current  is  also  compatible  with 
systematic  identification  and  replacement  of  any  individual 
vacuum  system  components  which  exhibit  excessive  HOM 
losses. 

The  present  configuration  of  CESR  is  identified  as  Phase  I 
of  the  luminosity  upgrade  plan.  The  major  components  of 
Phase  I  are:  1)  conversion  from  2  to  1  interaction  point,  2) 
upgrade  of  the  linac  instrumentation  to  increase  its  intensity 
and  reliability,  and  3)  replacement  of  the  original  14  cell  RF 
cavities  with  5  cell  cavities  of  similar  geometry.  The  orginal 
RF  cavities  in  CESR  were  designed  for  100  mA/beam 
maximum  current.  The  new  5-cell  ”Mk  III”  cavities  are 
designed  for  300  mA/beam.  The  measured  peak  luminosity  in 
this  configuration  is  2.5  x  1032  cm^-s*1  and  maximum  beam 
current  is  »100  mA/beam. 

Phase  II  equipment  construction  has  been  approved  and 
commissioning  will  take  place  in  early  1994  at  the  same  time 
as  the  CLEO  inner  detector  will  be  upgraded  by  the 
installation  of  a  silicon  strip  vertex  detector.  [8]  27  bunches 
per  beam  will  circulate  in  9  bunch  trains.  The  bunch  spacing 
within  a  train  will  be  28  ns  or  14  CESR  RF  wavelengths. 

Several  pieces  of  accelerator  equipment  will  be  replaced  or 
modified: 

*  New  electrostatic  separators  will  be  installed  which 
are  expected  to  have  1/3  the  HOM  losses  of  the 
present  ones. 


•  Vacuum  chambers  and  pumps  within  ±15  m  of  the 
i.p.  are  being  replaced  to  maintain  particle 
backgrounds  at  present  levels  even  with  3x  increase 
in  beam  current 

•  A  wideband  transverse  feedback  system  has  been 
tested  in  CESR  which  will  provide  bunch-by-bunch 
feedback  in  both  planes  with  bunch  spacings  as  low 
as  10  ns. 

•  The  master  timing  system  will  be  replaced  with  a 
system  that  will  accomodate  all  likely  combinations 
of  bunch  spacing. 

•  A  new  gun  modulator  has  been  installed  which  will 
provide  bunches  at  full  charge  (1011  e-)  at  a  spacing 
of  14  ns. 

•  The  IR  quadruples  will  be  reconfigured  to  provide 
more  horizontal  aperture  to  accomodate  the  ±2.5  mr 
crossing  angle  pretzel  orbits  during  injection. 

•  The  CHESS  beam  stops  and  windows  for  wiggler 
lines  are  being  upgraded  to  handle  the  higher  beam 
power. 

The  design  luminosity  in  the  Phase  II  configuration  is  6  x 
1032  cm^-s'1  at  a  current  of  300  mA/beam. 

A  comparison  of  the  parameters  for  Phase  I  and  Phase  n  is 
made  in  Table  1.  We  use  a  conservative  value  of  0.03  for 
although  we  expect  to  eventually  reach  0.04  as  is  our  present 
experience.  Note  also  that  the  emittance  and  cunent  per  bunch 
are  lower  in  Phase  II  operation. 


Table  1.  Principal  parameters  for  current  CESR  operation 
(Phase  I)  and  upgade  operation  in  1994  (Phase  II) 


Parameter 

Phase  I 

Phase  n 

Units 

E0 

5.30 

5.30 

GeV 

Peak  Luminosity 

0.25 

0.6 

lO^cnr2- 

sec'1 

nb  (bunches/beam) 

7 

9x3 

r  (aspect  ratio  at  i.p.) 

0.014 

0.023 

N 

2.24 

1.75 

lO^e/bunch 

ib  (current/bunch) 

14.0 

11.0 

mA 

iBeam  (current/beam) 

0.10 

0.30 

Amps 

£v  (beam-beam  param.) 

0.04 

0.03 

5h  "  "  " 

0.04 

0.04 

2tiR  (circumference) 

768.43 

768.43 

m 

CTh  (beam  size  at  i.p.) 

550 

430 

pm 

fT  *  it  nan 

V 

8 

10 

pm 

P*h  (focus  funct  at  i.p.) 

1.00 

1.00 

m 

P*v  ■  »  »  " 

18 

17 

mm 

o  i  (bunch  length) 

18 

17 

mm 

e  h  (emittance) 

3.0 

1.9 

xlO*2m 

ap  (momentum  comp.) 

1.54 

1.13 

xlO"2 

Qs  (synchrotron  tune) 

0.06 

0.055 

Qh  (betatron  tune) 

8.57 

10.57 

1980 


The  bunch  train  concept  can  be  taken  to  the  beam  current 
limit  of  the  CESR  vacuum  chamber,  estimated  to  be  around 
500  mA/beam  at  5.3  GeV.  In  order  to  handle  the  total  storage 
ring  current  of  1  ampere,  many  components  will  have 
essentially  the  same  specifications  as  for  the  CESR-B 
asymmetric  B  factory  [9].  Therefore,  to  a  large  extent,  the  two 
programs  have  identical  R&D  agenda.  The  principal 
components  for  both  projects  are: 

•  Single  cell  superconducting  RF  cavities  will  be  re¬ 
quired  to  handle  the  very  high  currents  and  maintain 
low  beam  impedance.  The  design  is  identical  for 
both  upgrade  or  CESR-B. 

•  Copper  vacuum  chambers  with  high  pumping 
speeds  from  NEG  and  TiSP  pumps  will  be  needed  in 
the  hard-bend  regions  of  CESR.  In  CESR-B  the 
whole  vacuum  system  will  be  of  a  similar  design. 

•  Some  arc  vacuum  chamber  components  will  be  re¬ 
placed  in  CESR  to  accept  1 A  of  total  stored  current. 
The  design  for  these  components  will  again,  be 
similar  to  those  in  CESR-B. 

•  CESR  Phase  III  interaction  region  uses  both  per¬ 
manent-magnet  and  superconducting  technologies  for 
the  first  vertically  focussing  quads.  CESR-B  uses  a 
superconducting  quad  with  compensating  solenoids. 

•  CESR  will  use  a  ±2.5  mr  uncompensated  crossing 
angle,  while  CESR-B  will  use  a  ±12  mr  crab  com¬ 
pensated  crossing  angle. 

With  500  mA/beam  in  45  bunches,  the  luminosity  will  be 
between  1  and  2  x  1033  cm^-s'1  depending  on  the  extent  to 
which  and  P*  can  be  further  optimized.  CESR-B  will 
reach  3  x  1033  cm^-s'1  with  0.87  A  in  the  8  GeV  beam  and 
2  A  in  the  3.5  GeV  beam. 

V.  UPGRADE  R&D  ACTIVITIES 

There  is  no  operational  experience  with  bunch  trains  and  a 
small  horizontal  crossing  angle  in  existing  or  past  e+-e' 
storage  rings.  Therefore  it  is  necessary  to  understand  the 
accelerator  physics  aspects  of  this  mode  of  operation  through 
analytic  methods,  computer  simulation,  and  machine 
experiments.  We  will  discuss  several  of  the  accelerator 
experiments  at  CESR  in  the  remainder  of  this  report 

Some  of  the  recent  areas  of  experimental  study  are: 

•  Single  beam  stability  of  bunch  trains  in  CESR 

•  Comparison  of  injection  performance  with  a 
computer  model  [10] 

•  Dynamic  aperture  and  beam-beam  performance  with 
small  Py  and  large  Qh.  [11] 

•  Ion  and  dust  trapping  phenomena  [12,13] 

•  Comparison  of  measured  with  simulated  detector 
background  from  both  synchrotron  radiation  and  lost 
particles  [14] 

•  Beam-beam  effects  with  a  crossing  angle  [15] 


•  Long  range  beam-beam  interaction  and  separation 
criteria  for  optics  design  [16] 

The  last  two  of  these  will  be  discussed  in  more  detail 
below. 

A.  Crossing  Angle 

The  independently  controlled  quadrupoles  and  sextupoles  in 
CESR  make  it  possible  to  use  the  pretzel  electrostatic 
separators  to  create  a  horizontal  crossing  angle  at  the  i.p. 
Adjustment  of  separator  voltages  causes  a  horizontal 
separation  at  the  i.p.  for  injection.  The  crossing  angle  may  be 
adjusted  from  0  to  ±2.8  mrad. 

These  experiments  were  carried  out  with  the  1.5  tesla 
experiment  solenoid  turned  on  to  eliminate  the  overhead  of 
ramping  the  solenoid  and  readjusting  compensation.  Since  a 
crossing  angle  of  2.5  mr  is  over  5  times  the  rms  angular 
spread  from  natural  beam  emittance,  the  sensitivity  to  errors  in 
compensation  the  relevant  coupling  terms  is  increased  a 
comparable  amount.  Effects  such  as  this  are  usually  removed 
by  operator  tuning  over  periods  of  several  days  to  weeks. 
This  was  not  possible  in  the  limited  time  available  for 
machine  studies. 

£v  was  calculated  from  Bhabha  scattering  measurements 
for  different  crossing  angles.  The  results  appear  in  Figure  3. 
Part  of  the  <=15%  drop  at  -2.5  mrad  is  from  the  orbit  distortion 
as  can  be  seen  in  the  square  points  representing  magnetically 
induce  orbit  distortions  (which  result  in  head-on  collisions  but 
with  orbit  distortions  of  comparable  magnitude).  Most  of  the 
remaining  drop  is  probably  a  result  of  imperfections  in  the 
solenoid  compensation  as  described  above. 


Angle  (mr) 

Figure  3.  £v  vs.  horizontal  crossing  angle.  The  data 
represented  by  square  markers  were  taken  using  a  magnetic 
orbit  distortion  without  crossing  angle. 

Beam  lifetime  is  also  important  for  integrated  luminosity. 
A  sensitive  measurement  of  lifetime  effects  may  be  made  by 
inserting  a  movable  aperture  or  "scraper"  into  the  vacuum 
chamber  and  recording  beam  lifetime  as  a  function  of  its 
position.  Measurements  in  the  vertical  plane  show  no 
influence  of  crossing  angle  on  particle  distribution.  In  the 
horizontal  plane  some  effect  may  be  seen  (Figure  4),  but  small 
changes  in  betatron  tune  cause  the  crossing  angle  induced  blow 
up  to  disappear  (1 1  mA,  Qh=8.59).  More  detailed  studies  [17] 


of  resonances  and  crossing  angles  confirm  the  picture  that  the 
primary  effect  of  a  small  crossing  angle  is  to  drive  isolated 
resonances  which  are  avoidable  with  proper  choice  of  operating 
point. 
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Figure  4.  Beam  lifetime  due  to  movable  aperture  for  single 
and  colliding  positron  beams.  The  result  for  an  ideal  gaussian 
charge  distribution  is  shown  by  the  solid  line.  The  open 
points  were  measured  with  head-on  collisions,  the  solid  points 
were  measured  with  ±2  mrad  crossing  angle. 

B.  Long  Range  Beam-Beam  Effects 

We  have  had  experience  at  CESR  with  no  parasitic 
crossings  (single  bunch  operation),  and  n=4,  12,  and  13 
parasitic  crossings  with  3  and  7  bunches  per  beam.  The 
requiredseparation  between  beams  has  increased  more  slowly 
than  Vn,  which  would  be  expected  if  the  effects  of  the 
crossings  added  but  were  uncorrelated.  However,  with  the 
possibility  of  89  parasitic  crossings  and  tightened  optics 
constraints,  a  better  understanding  of  the  relevant  physics  and 
an  analytic  formulation  of  separation  criteria  for  optics 
optimization  is  needed. 

While  initial  measurements  at  CESR  suggested  a  "hard¬ 
core”  model  of  the  parasitic  interaction  (counter-rotating  beam 
acted  like  a  scraper),  using  a  fixed  limit  on  the  long  range  tune 
shift  experianced  by  a  zero-amplitude  particle  fit  the  current 
dependence  of  separation  better.  (All  measurements  were  done 
for  a  beam  lifetime  of  60-100  minutes.)  However,  the 
appropriate  value  of  tune  shift  varied  from  one  crossing  point 
to  another. 

Recently  a  phenomenological  approach  has  been  taken  to 
finding  an  appropriate  separation  criterion.  Measurements  of 
separation  vs.  beam  current  were  made  in  11  different 
configurations.  Several  plausible  forms  of  separation  criteria 
were  used  to  fit  the  data.  Finally  the  residual  scatter  about  the 
fit  curve  was  reduced  to  an  r.m.s.  spread.  The  aforementioned 
criteria  were  among  the  worst  fits.  Several  scaling  relations 
were  found  which  had  about  half  the  r.m.s.  scatter.  These  are 
discussed  in  detail  in  another  paper  in  this  conference[16]. 


VI.  Conclusion 

A.  Summary 

The  demands  of  the  high  luminosity  colliders  and 
"factories"  being  planned  today  will  push  many  of  the  older 
accelerator  design  techniques  close  to,  and  possibly  beyond 
their  limits.  Innovation  and  a  systematic  design  approach 
coupling  analytic,  simulation,  and  experimental  techniques  is 
the  most  effective  way  to  answer  these  challenges. 

CESR  is  not  only  an  effective  physics  production 
machine,  but  is  also  an  ideal  platform  for  carrying  out 
experiments  in  accelerator  physics.  An  optimum  size  and  the 
flexibility  offered  by  independant  magnet  control  contribute  to 
these  qualities. 

The  upgrade  described  here  will  assure  a  continuation  of  the 
past  trend  in  CESR  luminosity  (doubling  every  two  years)  and 
address  many  of  the  issues  of  asymmetric  B  factories. 
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Abstract 

At  the  end  of  1992,  LEP  completed  its  fourth  year  of 
operation,  producing  more  than  28  inverse  picobarns  of 
integrated  luminosity  in  each  of  the  four  experiments  and  a 
total  of  three  million  hadronic  Z°s.  For  the  first  time  the 
machine  operated  for  physics  with  a  new  high-tune  optics 
producing  the  smaller  transverse  emittance  eventually  needed 
for  future  operation  at  higher  energy.  As  well  as  gaining 
valuable  experience  with  this  optics  die  luminosity  lifetime 
could  be  improved  by  using  wigglers  to  control  the  evolution 
of  beam  emittance  during  a  run.  In  addition,  the  so-called  8- 
bunch  "pretzel"  scheme  was  commissioned,  allowing  the 
number  of  bunches  per  beam  to  be  increased  from  four  to 
eight  towards  the  end  of  the  year.  Present  performance 
limitations  are  discussed  and  future  plans  for  increasing  both 
the  energy  and  luminosity  are  described.  Many  details  of  the 
topics  mentioned  here  may  be  found  in  [1]  and  in  contributed 
papers  to  this  conference. 

I.  INTRODUCTION 

In  its  fourth  year  of  operation,  the  CERN  Large  Electron 
Positron  (LEP)  collider  ran  for  138  days  for  physics  data 
taking,  producing  28.6  inverse  picobarns  of  integrated 
luminosity  and  a  total  of  3  million  hadronic  Z°s  summed  over 
the  4  experiments  (Figs.  1  and  2). 

The  peak  luminosity  achieved  was  1.15  1031  cm'2  s'1, 
about  15%  higher  than  in  1991  and  less  than  20%  below  the 
design  luminosity  at  45  GeV.  The  average  daily  integrated 
luminosity  of  206  inverse  nanobams  was  most  40%  higher 


than  achieved  the  previous  year,  mainly  due  to  the  very  good 
luminosity  lifetime.  The  limiting  vertical  beam-beam  tune 
shift  parameter  was  about  0.03  with  0.04  achieved  under  the 
very  best  conditions. 

For  most  of  the  year,  LEP  ran  as  in  the  past  with  four 
counter-rotating  bunches  of  electrons  and  positrons  per  beam. 
During  the  last  month  of  operation  the  so-called  "pretzel" 
scheme  was  commissioned.  Electrostatic  separators  are  used  to 
horizontally  separate  the  beams  around  most  of  the  machine 
circumference  in  order  to  allow  the  number  of  bunches  per 
beam  to  be  doubled  without  exceeding  the  beam-beam  limit. 

A  significant  change  compared  with  previous  operation 
was  the  move  to  a  new  high-tune  optics  [2]  (90°  phase 
advance  per  cell  compared  with  60°  in  1991).  This  change  was 
made  for  three  main  reasons 

•  The  90°  optics  produces  a  smaller  natural  beam 
emittance  allowing  the  possibility  of  controlled  blow-up  in 
order  to  remain  at  the  beam-beam  limit  throughout  a  physics 
run,  the  luminosity  thus  decreasing  proportional  to  the  current 
and  not  to  the  square  of  the  current 

•  The  new  optics  was  designed  to  cover  machine 
development  requirements,  in  particular  the  development  of 
the  8-bunch  pretzel  scheme  and  energy  calibration  by  resonant 
depolarization  as  well  as  normal  operation.  This  made  the  use 
of  machine  development  time  much  more  efficient 

•  The  higher  tune  optics  is  necessary  in  order  to  achieve 
useful  luminosity  for  future  operation  above  the  W-pair 
production  threshold  since  the  natural  emittance  increases  like 
the  square  of  the  energy. 
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Fig.  2  Number  of  Z°s  detected  in  the  four  LEP  experiments  in  1991  and  1992 


II.  PERFORMANCE  LIMITATIONS 

The  luminosity  of  an  electron-positron  collider  is  limited 
by  three  main  parameters,  the  total  circulating  current,  the 
maximum  attainable  beam-beam  tune  shift  parameter  and  the 
minimum  value  of  the  vertical  beta  function  at  the  interaction 
point. 

2.1  The  Beam  Current 

LEP  suffers  from  both  longitudinal  and  transverse 
instabilities.  Turbulent  bunch  lengthening  occurs  but  is  of  no 
consequence.  Longitudinal  dipole  mode  instabilities  are 
damped  by  a  1  GHz  feedback  system  [3]  using  cavities 
provided  to  CERN  by  the  DESY  laboratory. 

LEP  is  the  first  machine  in  which  higher  head-tail  modes 
can  bo  observed  directly  using  a  novel  streak  camera  to  display 
the  three-dimensional  charge  distributions  of  individual 
bunches  on  successive  turns  [4],  The  chromaticity  must  be 
kept  slightly  positive  in  order  to  damp  the  classic  mode  m=0. 
However,  for  too  strong  chromaticity,  mode  m=l  is  observed 
with  a  threshold  behaviour  when  the  growth  rate  exceeds  the 
damping  rate.  The  threshold  depends  in  a  complicated  way  on 
the  bunch  length.  Moderately  increasing  the  bunch  length 
with  wigglers  couples  the  bunch  spectrum  to  the  machine 
impedance,  dominated  by  the  radio-frequency  cavities,  more 
efficiently  and  actually  increases  the  growth  rate.  Above  about 
18  mm  bunch  length  the  growth  rate  once  more  decreases.  The 
threshold  also  depends  on  the  value  of  the  chromaticity,  which 
must  be  reduced  to  a  small  but  positive  value  in  order  to  keep 
mode  m=0  stable  as  the  current  is  increased.  With  Q’  less  than 
about  4  units,  this  instability  does  not  limit  the  bunch  current 

The  most  fundamental  limitation  to  the  maximum  single 
bunch  current  is  as  predicted  many  years  ago,  the  fast  head-tail 
or  transverse  mode-coupling  instability  (TMCI).  The  threshold 
for  the  onset  of  this  instability  is  given  by 

2n  Q,  E 

lb~  eZ^k *(<7,) 


where  Qs  is  the  synchrotron  tune,  E  the  beam  energy,  ft  is 
the  betatron  amplitude  function  at  the  location  of  the  ith 
transverse  impedance  driving  the  instability  and  k;  is  the 
transverse  loss  factor  of  the  impedance,  which  decreases  with 
increasing  bunch  length. 

The  natural  bunch  length  (az)  at  the  20  GeV  injection 
energy  for  the  90°  lattice  is  less  than  5  mm  and  the  TMCI 
threshold  is  consequently  much  lower  than  with  the  60°  (o2  = 
20  mm)  lattice.  Lengthening  the  bunch  increases  the  threshold 
of  this  instability  as  expected  theoretically.  Figure  3  shows 
the  predicted  threshold  current  [5]  as  a  function  of  bunch 
length  compared  with  a  few  measured  points.  The  bunch 
lengthening  was  achieved  using  powerful  wigglers.  Single 
bunch  currents  of  around  0.65  mA  are  presently  achieved  with 
a  bunch  length  of  about  20  mm  and  a  synchrotron  tune  of 
0.085.  During  machine  studies  the  threshold  has  been 
increased  to  0.8  mA  by  increasing  Qs  to  0.13. 


Fig.  3  Predicted  TMCI  threshold  currents  for  various  LEP 
lattices  with  some  measured  points.  The  slight 
dependence  on  lattice  phase  advance  is  due  to  the 
different  (3  values  in  the  RF  cavities. 
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2.2  Beam-beam  Limits 

Although  the  bunch  current  can  exceed  0.65  mA  for  a 
single  beam  under  normal  conditions,  with  two  beams  the 
current  is  limited  to  0.55  mA.  During  injection  and 
accumulation,  the  two  beams  are  separated  vertically  at  all 
eight  collision  points  using  electrostatic  separators.  This 
current  limitation  is  most  probably  linked  to  the  long  range 
beam-beam  interaction  although  the  exact  mechanism  has  not 
yet  been  clarified. 

During  collision,  the  maximum  achievable  beam-beam 
tune  shift  has  been  steadily  increased  since  the  early  days  of 
LEP  commissioning  by  careful  choice  of  integer  and  non¬ 
integer  tune  values  and  by  the  gradual  correction  of  optical 
errors,  phase  advance  between  collision  points,  residual 
dispersion  at  the  interaction  points  and  residual  separation 
between  the  two  beams.  With  the  small  natural  emittance 
(12  nm)  of  the  90°  phase  advance  lattice,  the  beam  sizes  must 
be  artificially  increased  with  "emittance"  wigglers  before  the 
beams  are  brought  into  collision  otherwise  they  are  lost. 
Achieving  the  highest  possible  tune  shift  is  still  an  inexact 
science,  requiring  small  empirical  adjustments  of  critical 
parameters,  particularly  the  closed  orbit.  The  maximum  tune 
shift  still  varies  somewhat  from  run  to  run  and  shows  some 
slight  current  dependence  (Fig.  4)  [6]. 
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Fig.  4  dependence  on  current  over  a  number  of  physics 
runs. 


A  great  advantage  of  the  high  tune  lattice  is  that  the 
beam  size  reduces  with  decreasing  current  so  the  tune  shift  can 
be  kept  close  to  the  limit  throughout  the  duration  of  a  physics 
run,  generally  about  10  hours.  Figure  5  shows  an  example  [7] 
of  a  fill  which  was  kept  much  longer  than  this  due  to  trouble 
with  the  injectors.  For  the  first  half  of  the  store  the 
luminosity  decreased  approximately  proportionally  with  beam 
current,  indicating  a  more  or  less  constant  beam-beam  tune 


shift.  During  the  last  hours  the  machine  was  no  longer  beam- 
beam  limited  so  the  luminosity  decay  was  faster.  This  ability 
to  stay  at  the  beam  beam  limit  means  that  the  daily  integrated 
luminosity  is  higher  than  expected  from  the  original  design 
even  though  the  peak  luminosity  is  slightly  lower. 

Although  the  two-beam  current  limit  is  550  pA,  the 
bunch  intensity  for  physics  runs  is  limited  to  below  450  pA 
in  order  to  keep  the  background  in  the  experiments  under 
control.  The  horizontal  aperture  is  collimated  to  about  45  nm 
for  clean  conditions. 


daytime  in  hours 


Fig.  5  L/I  and  inverse  beam  lifetime  over  a  long  run.  For 
the  first  10  hours,  L/l  is  constant  or  slightly 
increasing.  Later  the  beam-beam  tune  shift  is  no 
longer  saturated  and  L/I  decreases. 


2.3  Beta  Function  at  the  IP 

The  minimum  P*  at  the  IP  is  limited  by  the  very  high 
beta  values  in  the  insertion  quadrupoles,  producing  large 
chromatic  aberrations  and  closed  orbit  errors  due  to  small 
displacement  of  these  quadrupoles.  In  addition  it  has  been 
shown  [8]  that  a  combination  of  spurious  vertical  dispersion 
and  orbit  errors  in  these  quadrupoles  can  result  in  a  rapid 
reduction  in  the  vertical  damping  partition  number.  Up  to 

now,  LEP  has  run  with  p„  =  1.2  m,  Py  =  0.05  m.  Below 
this  value  the  machine  gets  to  be  much  too  sensitive  to  the 
above  mentioned  effects. 

The  problem  of  keeping  the  background  due  to  soft 
photons  for  large  emittance  beams  can  be  alleviated  by 
making  a  weaker  horizontal  focusing  into  the  IP.  At  the  end 

of  the  year  a  new  optics  with  p„  =  2.5m  was  tried  and  should 
allow  colliding  beams  with  significantly  more  than  400  pA 
per  bunch. 


III.  8-BUNCH  PRETZEL 

Further  substantial  increase  in  luminosity  at  45  Gev  can 
only  be  achieved  by  increasing  the  number  of  bunches  per 
beam.  Going  from  4  to  8  bunches  means  that  the  beams  must 
be  separated  at  all  unwanted  crossing  points.  In  order  to 
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achieve  this  a  scheme  similar  to  those  already  used 
successfully  at  Cornell  and  at  the  CERN  and  FNAL  proton- 
antiproton  colliders  has  been  implemented  [9].  Electrostatic 
separators  are  used  to  make  global  horizontal  orbit  distortions 
in  opposite  directions  for  electrons  and  positrons  between  each 
experimental  collision  point  (Fig  6). 


Fig.  6  Schematic  representation  of  the  orbits  in  the  LEP 
pretzel  scheme. 

Early  experience  with  horizontal  separators  in  the  high 
synchrotron  radiation  environment  of  LEP  indicated  a  very 
high  spark  rate  in  the  presence  of  the  beams.  Further 
investigation  showed  that  the  spark  rate  was  strongly 
correlated  with  the  polarity  of  the  high  voltage  electrode  110}. 
For  the  normally  used  negative  polarity,  which  avoids  dark 
current  in  the  high  voltage  circuit,  the  spark  rate  was  found  to 
be  intolerably  high  whereas  for  positive  polarity,  it  was 
reduced  to  an  acceptable  level.  The  exact  mechanism  has  yet  to 
be  understood  but  it  is  felt  that  the  positive  polarity  alleviates 
the  problem  of  charging  of  the  ceramic  insulators  by  stray 
electrons. 

During  the  January  1992  winter  shutdown  the  full  pretzel 
scheme  consisting  of  8  horizontal  separators  recuperated  from 
the  SPS  proton-antiproton  collider  together  with  a  number  of 
sextupoles  for  independent  tune  control  of  the  two  beams  was 
installed.  Commissioning  started  in  June  1992  and  8-bunch 
operation  was  implemented  for  physics  during  the  last  5 
weeks  of  the  run.  The  main  objective  was  to  reach  "break 
even",  the  same  integrated  luminosity  with  8  bunches  per 
beam  as  with  4,  by  the  end  of  the  year.  This  was  achieved 
quite  rapidly,  the  peak  luminosity  exceeding  that  achieved 
with  4  bunches  by  about  15%.  This  now  provides  a  solid  base 
on  which  to  make  further  progress. 

IV.  POLARIZATION 

The  first  observation  of  a  small  but  significant  level  of 
transverse  polarization  was  made  in  1990.  In  1991, 
polarization  levels  of  between  10%  and  20%  were  achieved. 
This  level  was  perfectly  adequate  to  allow  precise  energy 
calibration  by  resonant  depolarization  with  a  precision  of 
better  than  1  MeV  at  45  GeV. 


The  high  tune  optics  used  in  1992  was  designed  to  allow 
transverse  polarization  on  the  Z-pole  under  operational 
conditions  in  order  to  exploit  more  fully  the  possibility  of 
systematic  precision  energy  calibration  during  physics  runs. 
However,  three  attempts  to  find  polarization  on  this  optics  did 
not  succeed.  After  extensive  tests  of  the  polarimeter  it  was 
concluded  that  the  main  reason  was  that  the  quality  of  the 
vertical  orbit  correction  was  insufficient,  about  0.7  mm  rms, 
due  to  the  fact  that  the  90°  optics  allows  four  pickup 
measurements  per  betatron  wavelength  instead  of  six  with  the 
60°  optics  of  1991,  where  0.5  mm  rms  was  routinely 
achieved. 

During  machine  studies  when  the  old  optics  was 
reloaded,  polarization  was  quickly  observed  and  calibration  at 
two  different  beam  energies  was  successfully  performed  [11]. 
However,  transfer  of  calibrations  between  different  optics  is 
delicate  so  another  hybrid  optics  which  could  eventually  be 
used  operationally  was  commissioned,  with  a  phase  advance  of 
90°  in  the  horizontal  plane  in  order  to  retain  the  small  natural 
emittance  but  with  the  vertical  phase  advance  reduced  to  60° 
per  period  in  order  to  optimize  the  orbit  correction.  Again, 
polarization  was  quickly  observed  and  energy  calibrations 
extensively  performed.  In  addition,  the  depolarising  effect  of 
the  ALEPH  solenoid  was  compensated  with  dipole  n-bumps 
in  the  arcs  each  side  of  the  solenoid.  This  was  an  important 
step  towards  the  final  goal  of  energy  calibration  under  full  data 
taking  conditions.  Finally  the  pretzel  was  switched  on  and  a 
useful  amount  of  transverse  polarization  was  still  retained. 

For  a  long  time  the  extreme  precision  of  energy 
calibration  made  available  with  polarized  beams  has  revealed 
small  but  significant  drifts  in  beam  energy  as  a  function  of 
time.  It  had  been  postulated  that  these  variations  could  be 
explained  by  small  changes  in  the  circumference  of  LEP  due 
to  the  combined  tidal  effect  of  the  sun  and  the  moon 
deforming  the  earth’s  crust.  An  experiment  was  therefore 
performed  to  track  the  variation  of  the  LEP  energy  over  a  36 
hour  period  coincident  with  strong  tidal  activity.  A  peak  to 
peak  energy  variation  of  about  9  MeV,  corresponding  to  a 
change  in  the  27  km  circumference  of  about  1  mm,  was  indeed 
measured  [12].  The  cyclic  nature  of  the  phenomenon  could  be 
easily  observed  (Fig  7)  and  the  measured  results  were  found  to 
be  in  good  agreement  with  the  theoretical  prediction.  This  18 
MeV  variation  in  the  centre  of  mass  energy  is  now  the 
dominant  factor  in  the  determination  of  the  Z°  mass. 

V.  FUTURE  PLANS 

Over  the  next  few  years  it  is  foreseen  to  increase  both  the 
energy  and  luminosity  of  the  machine. 

The  energy  upgrade  will  allow  operation  above  the  W- 
pair  threshold  for  physics  from  the  beginning  of  1995.  The 
cross  section  for  W-pair  production  rises  sharply  above  82 
GeV  and  a  beam  energy  of  at  least  87  GeV  is  required  in  order 
to  ensure  a  reasonable  rate.  At  this  energy,  the  synchrotron 
radiation  loss  per  turn  is  1 .6  GeV  and  therefore  a  minimum 
circumferential  RF  voltage  of  1900  MV  is  required.  This  will 
necessitate  the  installation  of  192  superconducting  cavities 
around  the  four  even  interaction  points,  32  cavities  each 
around  points  2  and  6  where  the  copper  cavities  are  presently 
installed  and  64  cavities  each  at  two  new  acceleration  points  4 
and  8.  These  cavities  will  be  powered  by  twelve  1.3  MW 
klystrons,  16  cavities  per  klystron,  operating  at  352  MHz. 
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Fig.  7  Energy  variation  over  a  24-hour  period  compared  with 
the  expectation. 

The  cooling  of  the  cavities  requires  the  installation  of  4 
cryoplants,  each  with  a  cooling  capacity  of  12  kW  at  4.5  K. 

The  first  set  of  32  cavities  at  point  2  consists  of  8 
prototype  Nb  sputtered  copper  cavities  made  at  CERN  and  24 
Nb  sheet  cavities,  four  prototypes  and  20  industrially  produced 
series  units.  All  cavities  have  achieved  or  exceeded  the 
specified  gradient  of  5  MV/m  with  a  quality  factor  of  3  109. 

LEP  points  4,  6  and  8  will  all  be  equipped  with  Nb 
sputtered  copper  cavities  with  a  nominal  gradient  of  6  MV/m 
and  a  Q  of  4  109.  So  far,  29  cavities  fulfilling  the  above 
specification  have  arrived  at  CERN. 

As  well  as  the  radio-frequency,  major  upgrades  are  needed 
on  many  other  systems.  A  number  of  changes  of  the  original 
lattice  are  needed  because  quadrupoles  run  out  of  focusing 
strength  above  65  GeV  and  also  because  the  length  of  the  RF 
cells  increases.  The  present  superconducting  quadrupoles  need 
to  be  replaced  by  new  ones  with  the  gradient  increased  from  36 
T/m  to  55  T/m.  The  project  also  requires  major  modifications 
to  vacuum,  power  converters  and  civil  engineering.  A  more 
detailed  presentation  of  the  LEP2  project  is  given  elsewhere  in 
these  proceedings  [13]. 

At  high  energy,  luminosity  is  of  critical  importance 
since  the  cross  section  for  W-pair  production  is  about  three 
orders  of  magnitude  lower  than  that  at  the  Z-pole.  In  addition, 
the  natural  emittance  at  90  GeV  is  a  factor  of  4  larger  than  at 
45  GeV  so  the  unperturbed  tune  shift  for  0.5  mA  per  bunch  is 
about  0.014,  well  below  the  saturation  value. 

Several  measures  are  envisaged  to  increase  the  current  per 
bunch.  Firstly  the  injection  energy  into  LEP  will  be  raised 
from  20  GeV  to  around  22  GeV  when  a  second  super¬ 
conducting  cavity  module  is  installed  in  the  LEP  injector  (the 
SPS).  This  will  raise  the  TMCI  threshold  by  10%  as  well  as 
providing  faster  damping  in  LEP.  Secondly  it  is  envisaged  to 


reduce  the  transverse  impedance  of  LEP  by  removing  the 
copper  radiofrequency  system,  which  is  the  main  contributing 
element  to  the  TMCI  current  limitation,  and  to  compensate 
for  the  lost  circumferential  voltage  by  installing  32  additional 
superconducting  cavities  which,  in  view  of  their  much  larger 
iris  diameter,  have  considerably  lower  impedance.  Further 
bunch  lengthening  by  varying  damping  partition  numbers  or 
with  a  higher  hannonic  cavity  is  under  study  as  well  as  the 
possibility  of  operating  at  a  higher  synchrotron  tune.  It  is 
predicted  that  these  measures  will  allow  the  TMCI  threshold 
to  be  raised  to  around  1  mA  per  bunch. 

Studies  have  shown  that  background  control  in  the 
experiments  will  become  a  serious  problem  in  LEP2  because 
of  the  higher  photon  flux  and  the  larger  natural  beam 
emittance.  One  option  under  serious  consideration  is  to  move 
to  a  low  emittance  lattice  with  a  phase  advance  even  higher 
than  90°,  at  the  same  time  providing  higher  luminosity  and 
better  background  control  [14].  The  fact  that  such  flexibility 
exist  says  much  for  the  quality  of  the  original  optical  design 
of  LEP. 

In  addition  to  the  above  measures,  pretzel  operation  will 
be  actively  persued  over  the  next  two  years,  with  8-bunch 
operation  at  1  mA  per  bunch  at  90  GeV  and  an  initial 
luminosity  above  5  1031  cm‘2  s'1  as  an  objective.  RF  power 
considerations  and  higher  mode  losses  will  then  start  to  play 
an  important  role. 

VI.  CONCLUSIONS 

LEP  is  now  operating  close  to  its  design  peak 
luminosity  and  with  a  better  than  expected  luminosity 
lifetime.  The  main  limitations  to  machine  performance  are 
now  well  understood  and  plans  are  underway  to  substantially 
improve  the  luminosity  on  several  fronts.  The  LEP2  energy 
upgrade  project  is  making  progress  and  regular  operation  at 
energies  above  the  W-pair  production  threshold  is  foreseen  for 
1995. 
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ABSTRACT: 

For  phi  factories,  tau-charm  factories,  and  B  factories  to 
meet  their  respective  luminosity  goals,  the  circulating 
currents  that  typify  e+e"  colliders  must  be  raised  an  order 
of  magnitude.  At  the  same  time  the  beam  size  at  the 
interaction  point  must  be  decreased.  The  approaches  to 
realizing  these  conditions  include  increasing  the  charge  per 
bunch,  increasing  the  number  of  bunches  in  the  collider, 
increasing  the  crossing  angle  for  rapid  bunch  separation, 
tilting  the  bunch  with  respect  to  the  direction  of  motion  at 
the  interaction  point  (“crab-crossing”),  and  minimizing  the 
P  function  at  the  interaction  point.  The  technological 
challenges  implied  by  such  strategies  include  the 
development  of  1)  novel  rf-cavity  designs  to  suppress 
higher  order  modes  and  to  provide  large  rf-voltages  for 
longitudinal  focusing,  2)  a  new  generation  of  powerful 
feedback  electronics  to  control  multi-bunch  instabilities, 
and  3)  vacuum  chambers  and  pumping  schemes  suitable  for 
operation  with  very  high  levels  of  synchrotron  radiation.  In 
high  current  colliders  the  design  of  the  interaction  region 
poses  special  problems  of  allowing  rapid  beam  separation 
and  avoiding  excessive  scattering  of  background  radiation 
into  the  detector. 

I.  GENERAL  CONSIDERATIONS 
In  recent  years  most  accelerator  laboratories  throughout 
the  world  have  conducted  detailed  studies  of  the  design  of 
high  luminosity  electron-positron  colliders  at  a  variety  of 
center  of  mass  energies.  Commonly  referred  to  as 
“factories”,  these  machines  generally  have  been  considered 
to  be  storage  ring  colliders,  although  the  low  energy  end  of 
linear  colliders  has  been  studied  as  top  and  Higgs  factories. 
Of  all  such  studies  only  one,  the  Frascati  phi  factory 
DAONE,  is  an  approved  construction  project.  Other  efforts 
-  most  notably  the  B-factory  efforts  at  SLAC/LBL/LLNL, 
at  Cornell,  and  at  KEK  -  are  still  restricted  to  the  R&D 
phase.  While  designs  of  tau-charm,  Z,  and  top  factories 
have  been  focused  on  equal  beam  energies,  proposals  for 
phi  factories  have  also  considered  the  use  of  unequal  beam 
energies  [1].  Indeed  all  recent  conceptual  design  studies  of  B 
factories  (at  CERN,  DESY,  KEK,  Cornell,  and  SLAC)  are 
based  on  the  use  of  unequal  beam  energies  (asymmetric  B 
factories).  This  paper  reviews  the  accelerator  physics  and 
technology  issues  that  are  central  to  the  design  of  high 
luminosity  lepton  colliders  with  particular  attention  paid  to 
the  interaction  region,  vacuum  and  rf-systems. 

The  common  features  of  all  factory  designs  follow  from 
the  basic  scaling  of  luminosity  with  beam  energy,  E, 


average  current  I,  tune  shift,  aspect  ratio,  r,  and  p- 
function  at  the  interaction  point.  With  equal  tune  shifts  for 
both  beams,  the  peak  luminosity  is 


L=  1.3X1033 


1  +  r)cm‘2s"* 


This  scaling  equation  along  with  required  ranges  of  time- 
average  luminosity  is  illustrated  in  Figure  1 .  The  dark  gray 
curve  assumes  that  P*  scales  with  ^E  and  p*=  1  cm  at  5 
GeV.  To  take  advantage  of  the  small  p*  possible  at  low 
beam  energy  requires  operating  the  collider  with  very  short 
bunches,  as  has  been  proposed  for  a  quasi-isochronous  phi 
factory  at  UCLA.  [2]  If  the  minimum  practical  value  of  p 
is  limited  to  1  cm,  then  the  scaling  of  luminosity  with 
energy  is  follows  the  bottom  of  the  gray  band. 

There  is  no  strong  evidence  that  the  maximum 
achievable  tune  shift  has  any  strong  dependence  on  the 
beam  energy.  Though  there  has  been  theoretical  speculation 
that  the  maximum  head-on  tune  shift  may  be  as  large  as 
0. 1  for  round  beams,  there  is  no  experimental  evidence  for 
this  assumption,  especially  in  the  case  of  colliders  with 
many,  closely  spaced  bunches,  for  which  the  long-range 
tune  spread  is  non-negligible.  Consequently,  most  factory 
designs  have  assumed  a  “conservative”  value  of  ^  =  0.3. 
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Figure  1.  Luminosity  scaling  with  beam  energy  and  the 
requirements  for  flavor  factories. 


Especially  for  B-factories,  the  control  of  synchrotron 
radiation  generated  by  the  beam  separation  process  seems  to 
preclude  the  use  of  round  beams;  all  B  factory  designs  now 
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have  adopted  flat  beam  scenarios.  Moreover,  studies  of  IR 
optics  indicate  that  the  minimum  practical  P*  is  larger  for 
round  beam  designs  than  flat  beam  designs. 

As  the  physics  goals  of  the  flavor  factory  determines  the 
range  of  operating  energies,  the  only  quantities  available  for 
adjustment  by  the  designer  are  the  average  current  and  P*. 
With  the  exception  of  O-factory  designs  by  UCLA  (SMC) 
and  Novosibirsk,  all  of  the  e+e"  factories  have  assumed  the 
following  common  characteristics:  1)  two  rings  with  one  or 
more  common  interaction  regions  (I”);  2)  an  average  beam 
current  in  each  ring  of  ~  2  Amp,  3)  a  number  of  bunches 
~1(P  to  keep  the  single  bunch  current  well  within  existing 
practice,  4)  flat  beams  -  the  apparent  gain  with  round  beams 
cannot  be  realized  due  to  background  problems  and  optics 
design  practicalities.  In  contrast,  both  the  UCLA  and 
Novosibirsk  <D- factory  designs  rely  on  single,  compact 
rings  with  4  -  6  T  dipoles  and  few,  very  short  bunches. 

II.  INTERACTION  REGION  DESIGN 

The  large  number  of  bunches  in  e+e"  factories  requires 
rapid  separation  of  the  beams  outside  interaction  region  to 
avoid  the  deleterious  effects  of  parasitic,  near-collisions.  In 
the  case  of  asymmetric  colliders  the  separation  need  not  rely 
on  the  beams  crossing  at  a  finite  angle.  Indeed,  the 
separation  can  be  accomplished  by  purely  magnetic  means 
as  typified  by  the  PEP-II  design  [3],  which  employs  a  S- 
shape,  magnetic  separation  scheme.  Such  configurations 
with  head-on  collisions  have  the  advantage  of  maximizing 
the  beam-beam  tune  shift  without  risking  the  excitation  of 
synchro-betatron  resonances  and  without  the  introduction  of 
additional  rf-cavities  for  beam  manipulation.  The  price  of 
purely  magnetic  separation  is  the  use  of  several  shared 
optical  components,  some  of  which  are  of  unusual  design. 
Tlie  septum  quadrupole  of  PEP-II  exemplifies  a  difficult, 
specialty  magnet  for  the  IR.  In  the  design  of  the  shared 
optics,  special  attention  must  be  paid  to  the  minimization 
of  the  synchrotron  radiation  fans  that  can  lead  to  detector 
backgrounds  and  excessive  operating  pressure  near  the  IR. 

For  the  tau-charm  factory  and  symmetric  <h-factory,  the 
typical  approach  is  to  consider  a  first  phase  design  based  on 
proven  beam  separation  approaches;  in  the  second  phase  the 
effective  luminosity  is  increased  by  modifying  the  IR  (and 
ring  lattice)  to  include  crab-crossing,  monchromatization, 
or  longitudinal  polarization  of  the  beams.  In  phase  1,  beam 
separation  is  performed  via  a  shallow  crossing  angle  or  by 
electrostatic  separators.  Consequently,  the  bunch  spacing 
cannot  be  as  close  as  is  possible  with  an  energy  asymmetry 
or  with  crab-crossing.  Achieving  sufficient  luminosity 
during  phase  one  depends,  therefore,  on  maximizing  the 
single  bunch  luminosity;  i.e.,  by  maximizing  the  single 
bunch  peak  current  and  minimizing  p  . 

A  further  challenge  for  the  design  of  the  tau-charm 
factories  is  the  exceedingly  narrow  width  of  the  JAjr  at  3.1 
GeV.  For  the  collider  to  access  this  state  with  high 
efficiency  Zohlents  [4]  has  proposed  a  monchromatization 
scheme.  In  this  scheme  the  dispersion  at  the  IR  is  non-zero 


in  the  horizontal  plane.  The  sign  of  the  dispersion  is 
opposite  for  the  two  beams  so  that  electrons  of  slightly 
higher  energy  collide  with  positrons  of  slightly  lower  than 
average  energy  and  vice  versa.  The  center  of  mass  energy  is 
then  always  2E.  The  emittance  is  made  small  so  that  the 
beam  size  (and  tune  shift)  is  set  by  the  energy  spread  and 
the  dispersion.  In  that  case  luminosity  scaling  equation 
above  does  not  apply.  An  example  of  a  two  stage  approach 
including  monochromatization  [5]  is  given  in  Table  1 . 


Table  1.  Characteristics  of  tau-charm  factory  with  Phase  2 
optimized  for  JAy  production 


Characteristic 

Phase  1 

Phase  2 

Energy  (GeV) 

2 

1.5 

P  at  IP,  (P*x,  j)*v)  (m) 

(0.2,0.01) 

(0.01,  0.15) 

Energy  spread  in  CM 

4  x  lO  4 

6  x  10-5 

Emittance,  ex,  ex  (nm) 

110,  2.6 

10,  2 

Number  of  bunches 

30 

30 

Bunch  spacing  (m) 

12 

12 

Particles/bunch 

1.4  x  1011 

8  x  1010 

Tune  shift 

0.039 

0.015 

Long,  impedance  (Q) 

=0.13 

35  1 

Luminosity  (cm'V*) 

1033 

4  x  1032 

Including  radio  frequency  deflecting  cavities  located  at  a 
betatron  phase  angle  of  (n  +  1/2)ji  on  each  side  of  the 
collision  point  allows  rapid  separation  of  the  beams  via  the 
crab-crossing  scheme  [6],  [7].  The  crab-cavities  introduce  a 
time-dependent  transverse  kick  that  tilts  the  bunches  with 
respect  to  the  beam  trajectories  so  that  the  collisions  take 
place  head-on.  The  crossing  angle  of  the  beam  trajectories 
can  then  be  large  enough  to  reduce  the  number  of  magnets 
common  to  both  beams  to  a  single  quadrupole.  This 
approach,  adopted  for  CESR-B  and  for  the  second  phase  of 
DAFNE,  allows  for  greater  flexibility  in  the  choice  of 
beam  energy  and  greater  ease  in  suppressing  the  generation 
synchrotron  radiation  near  the  IR.  The  voltage  in  the  crab 
cavity  is  related  to  the  “crab  angle”,  rf-wavelength ,  and  the 
magnitude  of  the  beta  function  at  the  cavity  by 


±crab  - 


—  ®crab  ^tf-crab  (  E  /  e  ) 


4  Jt  V  P  Pcrab 


Typical  peak  voltages  in  the  crab  cavities  are  1  -  4  MV. 

The  “crab-crossing”  scheme  has  never  been  tried  in 
practice.  Considerable  effort  in  designing  and  testing  super¬ 
conducting  crab-cavities  [8]  has  been  conducted  at  Cornell 
in  collaboration  with  KEK.  Foreseen  difficulties  include  the 
maintenance  of  tight  tolerances  on  the  phase  and  voltage  of 
the  rf  in  the  cavities;  another  disadvantage  of  crab  crossing 
is  that  the  cavities  add  to  ring  impedance.  Both  the  voltage 
and  phase  tolerances  are  proportional  to  the  beam  radius  at 
the  interaction  point;  the  voltage  tolerance  also  varies  with 
the  square  root  of  the  damping  decrement.  Hence,  crab- 
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crossing  provides  an  additional  reason  for  the  use  of 
wigglers  or  wiggler  lattices  in  low  energy  rings. 

UI.  RF  CHALLENGES 

The  rf-systems  challenges  of  flavor  factories  derive 
from  two  considerations:  1)  maintaining  a  short  bunch 
length  through  strong  longitudinal  focusing,  2)  restoring 
the  large  amount  of  energy  lost  through  higher  order  modes 
and  copious  synchrotron  radiation.  Both  these  requirements 
imply  that  the  cavity  must  have  as  large  a  shunt  impedance 
as  possible  at  the  fundamental.  As  the  circulating  current 
in  all  factories  range  from  =1  to  5  Amps,  coupled  bunch 
instabilities  will  be  excessively  strong  unless  the  shunt 
impedance  is  low  at  all  other  frequencies. 

Unless  the  bunch  length,  ctz,  is  appreciably  less  than 
P*  (the  depth  of  focus),  the  actual  luminosity  will  be 
reduced  due  to  the  “hourglass”  shape  of  the  bunch  at  the 
interaction  point  and  due  to  synchrobetatron  coupling 
effects.  Consequently  factory  designs  generally  have 
required  that  0.2«rz<1.5  cm.  As  the  bunch  length  scales  as 

'  Vrf  fRF  I 

where  cti  is  the  first  order  momentum  compaction,  flavor 
factories  generally  require  a  large  rf-voltage,  even  at  low 
beam  energies  for  which  the  radiated  power  is  not  large.  As 
high  power  tubes  are  readily  available  at  =500  MHz,  all 
proposed  projects  have  opted  for  frequencies  in  this  range, 
leaving  Vrf  as  the  only  free  parameter.  Despite  the  broad 
range  of  RF-voltages  for  the  various  projects  (see  Table  2), 
the  simultaneous  need  to  minimize  the  higher  order  mode 
impedances  has  led  almost  all  the  projects  to  adopt  designs 
with  a  large  voltage  per  cavity  (1.5-2  MV). 


Table  2.  RF  parameters  for  various  flavor  factories 


Project 

L 

(IO33) 

Type 

^RF 

(MV) 

/rf 

(MHz) 

<7 

(cm) 

PSR 

(MW) 

SMC 

1 

NC 

0.1 

486 

0.1 

0.1 

DA<t>NE 

0.2  -1 

NC 

0.25 

=357 

3.0 

0.05 

INP 

>1 

NC 

=700 

0.5 

0.05 

StCF 

1 

SC 

12 

400 

0.8 

0.06 

JINR 

1 

? 

3.1 

257.5 

0.8 

0.06 

BFI 

1 

SC 

13 

498 

2 

3.1 

CESR-B 

3 

sc 

35 

500 

1 

4.5 

DESY 

3 

NC 

17 

500 

l 

2.4 

INP 

5 

NC/SC 

15.4 

500 

0.7 

3.8 

KEK 

2 

NC/SC 

48 

508 

0.5 

4.6 

PEP-II 

3 

NC 

19 

476 

1 

5.3 

Especially  in  small  rings  such  as  CESR  where  space 
is  at  tight,  high  voltage  operation  makes  superconducting 
cavities  an  attractive  option,  despite  the  lack  of  any 
experience  with  operating  such  cavities  at  high  fields  under 
heavy  beam  loading.  A  further  practical  difficulty  is 


protecting  the  superconducting  cavities  from  virtually  all 
the  synchrotron  radiation  generated  in  the  dipole  arcs.  For 
superconducting  cavities,  widening  the  beam  pipe  so  that 
the  cavity  supports  only  the  fundamental  accelerating  mode 
can  reduce  HOMs.  The  Cornell  design  extends  this  concept 
by  adding  a  specially  designed  fluted  wave-guide  tube  [9]  to 
transmit  the  two  lowest  frequency  modes  (TMm  and 
TM  i  io)  outside  the  cavity  to  ferrite  rf-absorbers  located 
outside  the  cryostat.  A  problem  peculiar  to  crab-cavities  is 
the  need  to  attenuate  fundamental  mode  which  is  at  a  lower 
frequency  than  the  desired  deflecting  mode. 

Room  temperature  cavities  can  satisfy  all  requirements 
by  extending  the  nose  cone  to  increase  the  gradient  to  4 
MV/m.  The  price  is  increased  power  dissipation  in  the 
cavity  walls  (up  to  =150  kW  in  PEP-II)  and  large  Q  for  the 
superior  modes.  SLAC/LBL,  LNF,  and  KEK  have  been 
studying  the  suppression  of  the  superior  modes  through  the 
addition  of  waveguides  attached  to  the  sides  of  the  cavities. 
The  waveguides  must  be  positioned  carefully  to  couple  to 
all  the  unwanted  modes  without  strong  suppression  of  the 
fundamental  accelerating  mode.  Calculations  and  low 
power  tests  confirm  the  validity  of  this  approach  for 
reducing  the  Q  of  the  most  dangerous  modes  below  100. 
At  this  level,  coupled  bunch  instabilities  can  be  controlled 
by  a  suitable  feedback  system.  Indeed  for  QhoM  »100  the 
growth  can  be  more  rapid  than  change  in  beam  phase,  thus 
precluding  efficient  feedback  control.  The  design  of  a  high 
power  cavity  is  complicated  by  the  frequency  shifts  (=130 
MHz)  caused  by  the  deformation  of  the  copper  cavity  under 
the  high  thermal  and  mechanical  loads.  Both  approaches  to 
supplying  rf-power  require  the  development  of  high  power 
klystrons  and  windows  that  can  pass  =500  kW  reliably. 

An  alternative  to  using  large  RF-voltages  is  to  design 
the  lattice  to  have  a  very  small  value  of  <*i.  As  the 
maximum  current  to  avoid  the  single  bunch  microwave 
instability  is  also  proportional  to  ct] ,  this  approach  will 
decrease  the  luminosity  unless  the  second  order  momentum 
compaction  and  the  damping  time  are  simultaneously  made 
small  enough  that  radiation  damping  prevents  the  bunch¬ 
lengthening.  This  approach  has  been  analyzed  by  Pellegrini 
and  Robin  [10],  [1 1]  as  the  basis  of  a  quasi-isochronous 
design  for  the  proposed  UCLA  O  factory. 

IV.  FEEDBACK  CONTROL  OF  INSTABILITIES 

Despite  the  suppression  of  the  Q  of  the  superior  modes 
to  values  <100,  the  large  number  of  bunches  and  high 
average  current  make  factories  susceptible  to  virulent 
multi-bunch  instabilities.  Those  modes  with  growth  times 
shorter  than  a  radiation  damping  time  must  be  controlled 
with  active  feedback  system. 

The  heavy  beam  loading  combined  with  a  sizable  gap  in 
the  bunch  pattern  (to  avoid  ion  trapping)  requires  detuning 
the  cavity  by  so  that  the  beam  presents  a  matched  load  to 
the  rf-drive.  The  shift, 

Af/f  -  I  (R/Q)Nce|| ; 

hence,  the  detuning  can  lead  to  driving  the  first  (m=l,  n=l) 
longitudinal,  coupled-bunch  mode.  For  room  temperature 
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cavities  the  dipole  oscillation  must  be  controlled  by  a 
feedback  loop  on  the  low-level  rf-drive.  The  use  of  super¬ 
conducting  cavities  can  avoid  this  difficulty  as  Q  is  very 
large  and  the  number  of  ceils  can  be  minimized;  hence  the 
detuning  frequency  can  be  much  smaller. 

Other  longitudinal,  coupled-bunch  modes  can  be 
controlled  via  a  digital,  bunch-by-bunch  feedback  system. 
A  down-sampling  technique  of  updating  the  correction 
signal  every  nth  revolution  allows  the  feedback  to  operate 
closer  to  the  Nyquist  limit  and  reduces  the  number  of 
computations  by  n'2.  A  prototype  for  PEP-II  [11]  that 
employs  commercially  available  signal  processors  has  been 
tested  at  SLAC  and  will  be  installed  on  the  Advanced  Light 
Source  at  LBL.  A  similar  system  will  be  used  in  DA4>NE. 
Such  bunch-by-bunch  feedback  systems  are  also  essential 
to  preserve  the  emittance  in  the  SSC  and  LKC. 

Digital  feedback  systems  are  also  envisioned  to  control 
transverse,  coupled  bunch  modes,  including  the  transverse 
resistive  wall  instability.  Even  with  feedback,  the  resistive 
wall  mode  grows  so  rapidly  in  the  low  energy  rings  that 
the  beam  tube  must  have  a  conductivity  much  higher 
than  that  of  stainless  steel. 

IV.  VACUUM  IMPLICATIONS 

While  currents  >1  Amp  are  not  unprecedented  in  rings, 
they  are  much  larger  than  found  in  existing  e+e‘  colliders. 
Hence,  factories  will  be  characterized  by  large  thermal 
loads  on  the  vacuum  chamber  walls  and  large  dynamic  gas 
loads.  Moreover,  factories  require  operating  pressures  <10 
nTorr  in  the  dipole  arcs.  To  meet  these  unprecedented 
demands,  the  characteristics  of  vacuum  systems  of  colliders 
at  the  luminosity  frontier  must  evolve  markedly  from  those 
of  existing  rings.  Thermal  loads  due  to  synchrotron 
radiation,  which  were  typically  in  the  range  of  1  -  5  kW/m, 
have  been  pushed  to  10-40  kW/m,  introducing  both 
cooling  and  thermal  fatigue  difficulties.  Whereas  the 
material  of  choice  for  vacuum  chambers  was  commonly 
stainless  steel ,  it  is  now  A1  (with  an  outer  Pb  cladding)  or 
Cu  (or  a  Cu  alloy).  Thus,  the  vacuum  engineer  faces  new 
and  unfamiliar  fabrication  and  cost  issues.  The  are 
summarized  in  Table  3. 

Table  3.  Materials  for  e+e"  factory  vacuum  chambers 


Photo-desorption 
Self-shielding 
Thermal  conductivity 
Strength 

Ease  of  fabrication 
Experience 
Cost 

Whereas  typical  photon  fluxes  have  been  5x  10 17 
photons/s/m,  B  factories  will  generate  =10*9  photons/s/m. 
Hence,  the  vacuum  chamber  must  be  characterized  by  a  low 
design  value  of  the  photo-desorption  efficiency,  rjp,  =  10'6. 
As  the  scrubbing  of  the  vacuum  chamber  by  the  radiation  is 
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the  principal  means  of  reaching  very  low  qp,  the  initial 
value  of  qp  must  be  small  and  the  clean-up  rate  rapid  to 
keep  the  commissioning  time  less  than  hundreds  of  hours. 

Pumping  speeds  in  the  dipole  arcs,  S(],  which  are  100  - 
300  L/s/m  in  existing  storage  rings,  will  be  increased  to 
values  as  large  as  3000  L/s/m  for  CESR-B  and  SMC. 
Providing  so  much  distributed  pumping  strongly  affects  the 
choice  of  the  type  of  pumps  and  the  chamber  design.  For 
Sd  >1000  L/s/m,  the  chamber  will  not  have  the  traditional 
oval  shape.  Rather,  a  complex  shape  including  an  ante¬ 
chambers  is  likely  to  be  adopted  despite  the  adverse  impact 
on  ease  of  fabrication,  on  costs,  and  on  magnet  designs. 

The  complexity  of  the  vacuum  system  design  is 
exemplified  by  the  arcs  of  the  low  energy  ring  (LER)  of 
CESR-B.  The  arcs  are  a  wiggler  lattice  composed  of  dipoles 
with  a  20  m  bend  radius  interleaved  with  -98  m  reverse 
bends.  The  arrangement  of  the  magnets,  the  relative 
distribution  of  synchrotron  power,  the  relative  qp,  and  the 
relative  distributed  gas  load  are  displayed  in  Fig.  2.  Because 
of  the  strong  variation  in  power  loading,  the  desorption 
coefficient  suffers  equally  strong  fluctuations.  The  gas  load, 
which  is  proportional  to  the  product  of  these  two  functions, 
is  much  smoother;  hence,  the  phrase  “eta-leveling”.  [13] 
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Figure  2.  Relative  desorption  characteristics  in  dipole  arcs 
of  the  CESR-B  LER.  1.0  corresponds  to  q  =  1.7  x  10  ”, 
Q  =  2.3  x  10‘”  Torr-l/s/m  and  P  =  10.4  kW/m. 


The  arc  is  pumped  with  a  combination  of  TiSPs  and 
NEGs,  each  of  which  require  regeneration  at  differing 
intervals.  The  system  requirement  is  formulated  in  terms  of 
the  average  pressure  along  the  arc.  Figure  3  illustrates  the 
degree  to  which  the  requirement  is  met  as  the  pumps 
approach  their  capacity  and  require  regeneration.  From  such 
curves,  one  calculates  an  appropriate  regeneration  scenario. 

The  vacuum  system  in  the  interaction  region  of  e+e' 
factories  poses  a  confluence  of  conflicting  physics  and 
engineering  difficulties.  Space  is  at  a  premium  because  the 
beams  must  be  separated  rapidly  into  their  respective  rings, 
because  detector  components  are  desirable  where  one  might 
wish  to  locate  pumps,  and  because  beam-pipe  conductance 
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can  be  expected  to  be  small.  The  rapid  beam  separation 
can  produce  several  tens  of  kilowatts  of  radiation  which 
must  be  deposited  on  photon  dumps  near  the  IR, 
generating  a  moderately  large  distributed  gas  load.  Handling 
the  gas  load  would  be  routine  were  it  not  that  the 
background  pressure  especially  in  the  incoming  beamlines 
must  be  «1  nTorr.  The  desorbed  gas  is  a  direct  source  of 
backgrounds  because  the  electrons  that  scatter  from  the 
beam  can  readily  be  transported  into  the  detector. 
Controlling  this  lost  particle  background  is  an  extremely 
difficult  and  important  problem  for  all  high  luminosity 
electron-positron  colliders. 


Figure  3.  Variation  of  <P>  in  the  CESR-B  LER 

One  approach  that  minimizes  pumping  would  employ  a 
differentially-pumped  ante-chamber  to  house  the  photon 
dump.  In  such  a  design,  illustrated  schematically  in  Fig.  4, 
most  of  the  gas  is  removed  by  TiSPs.  The  gas  that  leaks 
through  the  low  conductance  duct  into  the  beam  chamber  is 
pumped  by  two  rows  of  NEG  modules.  The  regeneration 
intervals  for  the  NEGs  and  TiSPs  in  the  interaction  region 
of  PEP-II  are  =  2  months  and  =  1  week  respectively. 


Fig.  4.  Differentially-pumped  chamber  in  the  PEP-II  HER 
beamline  of  upstream  of  ER.  The  duct  is  1 1  x  300  mm 

V.  CONCLUDING  COMMENTS 
To  meet  the  electromagnetic  impedance  budget,  factory 
designs  will  require  beamline  components  to  have  a 
(Z/n)eff  =1  Q-  lower  than  typically  found  in  storage 
rings.  In  the  case  of  the  tau-charm  or  fl>  factory,  in  which 
the  single  bunch  luminosity  must  be  maximized,  (Z/n)eff 
-0.1  Q.  The  compact  4>  factory  designs  of  UCLA  and 
Novosibirsk  have  the  additional  difficulty  that  the  ring 
impedance  will  be  dominated  by  the  vacuum  impedance, 


because  of  the  very  small  radius  of  the  machine.  Coherent 
synchrotron  radiation  may  therefore  be  a  substantial 
component  of  the  total  beam  losses,  even  exceeding  the 
incoherent  synchrotron  radiation.  Large  losses  are 
especially  trouble-some  in  miniaturized  rings  as  the 
interaction  region  may  absorb  as  much  as  1  kW/m  of  the 
coherent  radiation. 

Most  factory  designs  include  specialized  components 
such  as  wigglers  to  decrease  the  damping  time  and  increase 
the  natural  beam  emittance.  Given  the  high  currents,  such 
wigglers  can  generate  enormous,  localized  thermal  and/or 
gas  loads.  Although  such  specialized  beamline  components 
do  not  appear  to  produce  insurmountable  problems, 
engineering  the  practical  realizations  can  be  costly. 

Proposed  e+e"  factories  present  a  challenging  task  to  the 
accelerator  designer.  As  the  single  bunch  physics  of  most 
designs  is  similar  to  that  in  existing  colliders,  the  major 
challenges  derive  from  the  large  number  of  bunches  that 
yield  a  high  average  current.  Most  major  sub-systems  will 
be  pushed  to  unprecedented  levels  of  performance  and  of 
reliability.  The  benefits  of  accelerator  development  for  high 
luminosity  will  be  realized  not  only  in  flavor  factories,  but 
also  m  hadron  supercolliders. 
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Abstract 

The  e+e"  <I>-factory  DAONE  is  presently  under  construc¬ 
tion  in  Frascati.  It  is  designed  as  a  double  ring  system  with  a 
maximum  number  of  120  bunches/beam.  The  short  term  lu¬ 
minosity  goal  is  L=1.3  1032cnr2  sec-1  with  30  bunches.  The 
strategy,  adopted  to  achieve  such  a  luminosity,  is  common  to 
many  factory  designs  :  high  current,  many  bunches  and  sepa¬ 
rate  rings.  The  technical  problems  are  complicated  by  the 
relatively  low  energy  of  the  beams.  A  general  overview  of  the 
project  and  the  most  significant  technical  solutions  adopted  for 
DAONE  are  presented. 


I.  INTRODUCTION 

The  construction  of  DAONE  in  the  Frascati  National 
Laboratories  (LNF),  has  been  approved  and  fully  funded  by  the 
National  Institute  of  Nuclear  Physics  (INFN)  in  June  1990, 
while  the  engineering  design  phase  has  started  in  January 
1991. 

The  layout  of  the  new  accelerator  complex  (housed  in  the 
buildings  where  ADONE  and  its  injector  Linac  have  been  run¬ 
ning  until  the  last  April)  is  shown  in  Fig.  1. 


Figure  1 .  DAONE  complex  layout. 


*  G.  Vignola,  S.  Bartalucci,  M-  Bassetli,  ME.  Biagini,  C.  Biscari,  R.  Boni, 
A.  Cauoni,  V.  Chimenti,  A.  Clozza,  S.  De  Simone,  A.  Drago,  G.  Di 
Pint),  A.  Esposito,  S.  Faini,  A.  Gallo,  A.  Ghigo,  S.  Guiducci,  Y.  He, 
H.  Hsieh,  J.  Lii,  C.  Marchetli,  M.R.  Masullo,  M.  Migliorati,  C.  Milardi, 


M.  Modena,  L.  Palumbo,  R.  Parodi,  L  Pellegrino,  M.  Pelliccioni,  M.  Pre- 
gcr,  G.  Raffone,  C.  Sanelli,  F.  Sannibale,  M.  Serio,  F.  Sgamma,  B.  Spau- 
ro,  A.  Stecchi,  L.  Trasatli,  C.  Vaccarezza,  M.  Vescovi,  S.  Vescovi, 
J.  Wang,  M.  Zobov. 


0-7803-1203- 1/93S03.00  O  1993  IEEE 


1993 


It  consists  of  an  e+e'  Linac,  a  damping  ring  used  for  both 
beams,  rather  long  transfer  lines  to  cope  with  the  necessity  of 
using  existing  buildings,  and  a  twin  rings  collider  with  two 
interaction  points.  All  the  accelerators  are  designed  for  the 
same  working  energy  of  510  MeV. 

The  first  interaction  region  is  dedicated  to  a  large  detector 
KLOE  [1],  This  detector  has  been  approved  and  funded  by 
INFN  and  it  is  in  the  construction  phase.  The  major  physics 
aim  of  KLOE  is  the  observation  of  direct  CP-violation  in  KL 
decays,  i.e.  the  measurements  of  e'/e  with  accuracy  in  the  10-4 
range.  In  order  to  achieve  such  a  result  a  luminosity  L=5  1032 
cm'V1  integrated  over  an  effective  year  of  107  seconds  is  re¬ 
quired. 

The  second  interaction  region  is  assigned  to  a  smaller  size 
detector,  FINUDA  [2],  for  hypemuclear  physics. 

The  installation  of  three  beam  lines  for  soft  X-rays  [3]  is 
planned. 

The  start  of  the  commissioning,  with  30  bunches,  is 
scheduled  for  the  beginning  of  1996  with  a  short  term 
luminosity  goal  of  1.3  1032  cm'2  s'*.  The  target  luminosity 
L  ~  5  1032  cm'2  s'1  should  be  achieved  in  a  period  of  ~  2-3 
years  of  operation  by  pushing  up  the  current  and,  at  same 
time,  by  fine-tuning  all  the  machine  parameters. 

II.  INJECTOR  COMPLEX 

The  injector  complex  of  DAONE  consists  of  an  e+e* 
Linac,  a  damping  ring  and  transfer  lines. 

The  Linac  [4]  is  an  S-band  structure  with  a  SLED  type 
pulse  compression  system  capable  of  accelerating  electrons  up 
to  800  MeV  at  50  pps.  In  the  positron  mode  of  operation,  a 
first  section  is  used  to  accelerate  electrons  to  250  MeV. 


The  electron  beam  is  focused  by  a  quadrupole  triplet  onto  a 
high  Z  converter,  positron  are  collected  by  5  T  tapered  flux 
concentrator  and  accelerated  to  the  nominal  operating  energy  of 
510  MeV.  The  design  positron  current  is  larger  than  30  mA  in 
a  10  ns  pulse  within  ±1%  energy  spread  and  10*5  m-rad 
emittance.  The  Linac  construction  has  been  committed  to 
industry  and  it  is  in  progress  in  U.S.  Installation  at  LNF  will 
begin  in  early  94  and  the  Linac  is  expected  to  be  operational 
for  the  end  of  the  same  year. 

The  design  of  the  transfer  lines  has  been  completed,  and  the 
contract  awarded  to  an  Italian  firm.  Installation  will  begin  in 
the  first  months  of  1995. 

The  damping  ring  has  been  adopted  to  avoid  injection 
saturation  due  to  the  large  current  to  be  stored  in  the  collider, 
to  improve  the  longitudinal  acceptance  for  the  Linac  beam, 
and  to  deliver  low  emittance  and  low  energy  spread  beams  to 
the  main  rings.  With  this  arrangement,  injection  requirements 
to  the  main  ring  lattice  are  strongly  reduced.  A  compact  4 
period  structure,  with  a  total  length  1/3  of  the  main  rings,  and 
vanishing  dispersion  at  the  injection/extraction  septa,  allows 
injection  of  both  electrons  and  positrons  in  the  single 
bunch  mode  at  50  Hz  repetition  rate.  Extraction  will  be 
performed  at  the  optimum  current  level  for  injection  into  the 
main  rings,  typically  at  -1  Hz.  Detailed  specifications  have 
been  sent  out  for  bid,  and  the  tenders  from  potential  vendors 
are  under  evaluation.  The  contract  for  complete  construction 
and  installation  will  be  awarded  next  June.  Commissioning 
will  be  performed  in  the  second  half  of  1995. 

III.  MAIN  RINGS 

The  magnetic  layout  of  DAd>NE  is  shown  in  Fig.  2.  Its 
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main  features,  in  order  to  achieve  the  design  luminosity,  are 
based  on  well  proven  accelerator  physics:  the  large  luminosity 
improvement  is  reached  with  the  same  interaction  conditions 
of  already  operating  colliders,  by  increasing  the  number  of 
colliding  bunches  up  to  the  RF  harmonic  of  the  revolution 
frequency  and  by  reducing  the  number  of  interaction  points 
with  the  adoption  of  a  double  ring  scheme. 

The  large  stored  current  required  by  this  scheme  is  the  ma¬ 
jor  technical  challenge  of  DA<DNE:  the  vacuum  system  must 
hold  a  heavy  gas  load,  due  to  the  intense  synchrotron  radiation, 
and  the  beam  stability  can  be  destroyed  by  multibunch  insta¬ 
bilities,  so  that  careful  design  of  the  RF  cavity  and  vacuum 
chamber  are  necessary  to  avoid  high  order  oscillation  modes, 
and,  in  any  case  a  powerful  feedback  system  is  required.  The 
main  ring  design  is  based  on  conventional  technology  and  well 
established  physics  parameters  (see  Table  1). 


Table  1.  DAONE  Parameter  List 


Beam  Energy  (MeV) 

2x510 

Luminosity  (1032cnv2sec ') 

1.35  (->5.40) 

Bunches  per  ring  per  species 

30  (->  120) 

Particles/bunch 

8.9  1010 

Luminosity  lifetime  (hr's) 

2  +  3 

Single  ring  circumference 

97.69  m 

Filling  time  (min.) 

<  2  (topping  up) 

Time  between  collisions  (ns) 

10.9  (->  2.7) 

Crossing  half-angle  (mrad) 

10  +  15 

Interaction  Point  (IP) 

1  or  2 

Interaction  Region  Length 

2  *  10  m 

Free  space  @  IP 

±  46  cm 

3-function  @  IP : 

H 

4.5  m 

V 

4.5  cm 

Beam  r.m.s.  dimension  @  IP  : 

H 

2.1  mm 

V 

21  pm 

Beam-beam  tune  shift  per  crossing  : 

H 

.04 

V 

.04 

P-tune : 

H 

5.18 

V 

6.15 

Natural  Chromaticity  : 

H 

-9.2 

V 

-20.6 

Momentum  compaction 

.005 

Dipoles  per  ring 

8 

Wigglers  per  ring 

4 

Quadrupoles  per  ring 

51 

Sextupoles  per  ring 

16 

Peak  magnetic  field  (T) : 

Dipoles 

1.2 

Wigglers 

1.8 

Energy  loss/tum  (keV) 

9.3 

Relative  natural  r.m.s.  energy  spread 

4  10-4 

Natural  emittance  (mmxmrad) 

1.0 

RF  frequency  (MHz) 

368.25 

RF  harmonic  number 

120 

Peak  RF  voltage  (kV) 

250 

Synchrotron  frequency  (kHz) 

21.4 

Z/n  (O) 

1.0 

r.m.s.  bunch  length  (cm) 

3.0 

Damping  time  (msec) : 

17.8 

36.0 

Jy _ 

35.7 

Flat  beams  (k=.01)  are  foreseen  at  the  IP,  so  that  only  one 
betatron  function  must  be  in  the  range  of  few  centimeters, 
thus  avoiding  large  contributions  to  the  chromaticity  and 
strong  non  linear  correction  fields. 

The  electron  and  positron  beams  are  stored  in  two  separated 
rings  laying  in  the  same  horizontal  plane  with  horizontal 
crossing  in  two  interaction  regions  at  an  angle  of  ±  12.S  mrad. 
The  lattice  of  each  ring  consists  of  4  achromats,  each  housing 
a  2  m  long,  1.8  T  normal  conducting  wiggler  to  increase  and 
finely  tune  the  beam  emittance,  and  to  increase  radiation 
damping,  which  compensates  for  the  low  operating  energy,  as 
suggested  by  beam-beam  interaction  models  and  simulations. 
The  straight  sections  at  90°  with  respect  to  the  interaction 
regions  are  used  for  injection,  RF  and  feedbacks. 

The  main  rings  optics  (frozen)  shows  satisfactory  dynamic 
aperture  (see  Fig.  3). 

The  engineering  design  has  been  completed  for  all  the  ma¬ 
jor  components  and  the  procurement  phase  is  in  progress. 
The  installation  of  the  main  rings  is  scheduled  for  the  end  of 
1995. 
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Figure  3.  Dynamic  Aperture  @  IP  with  8  families 
of  sextupoles 

IV.  INTERACTION  REGIONS 

Careful  study  has  been  dedicated  to  the  interaction  regions 
(IR),  where  a  solenoidal  field  of  0.6  T  is  required  by  KLOE 
and  1.5  T  by  FINUDA.  A  new  compensation  scheme,  includ¬ 
ing  compensating  superconducting  solenoids  and  rotation  of 
the  low-b  permanent  magnet  quadrupoles  has  been  developed 
to  accurately  decouple  the  betatron  normal  modes  at  the  IP. 

Three  different  IR's  have  been  designed  [5],  one  without 
longitudinal  fields  for  commissioning  purposes,  the  others  to 
accommodate  KLOE  and  FINUDA  experiments,  under  the 
conditions  of  complete  transparency  with  respect  to  the  rest  of 
the  ring  (i.e.  with  the  same  transfer  matrix).  In  Fig.  4  a  detail 
of  die  KLOE  IR  is  shown. 
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Figure  4.  KLOE  Interaction  Region. 


V.  VACUUM  SYSTEM 

The  DAONE  vacuum  system[6]  is  dimensioned  to  keep 
the  average  operating  pressure  ~1  nTorr  with  5  A  of  circulat¬ 
ing  current. 


Figure  5.  Dipole  vacuum  chamber  cross  section. 


A  design,  similar  to  ALS,  has  been  adopted  for  the 
vacuum  vessel,  consisting  of  two  chambers  connected  through 
a  narrow  slot.  The  beam  is  stored  in  the  first  one,  while  the 
synchrotron  radiation  phcxns  hit  the  wall  of  the  second  (the 
antechamber),  after  traveling  through  the  slot.  The  chamber 
has  been  designed  in  such  a  way  that  ~  95%  of  the  photon  flux 
is  concentrated  on  a  limited  number  of  copper  absorbers  in  the 
antechamber.  More  than  90%  of  the  gas  load  is  removed  by  ti¬ 
tanium  sublimation  pumps,  while  sputter  ion  pumps  are  used 
to  get  rid  of  those  gases  which  cannot  be  pumped  by  the  subli- 
mators.  Figure  5  shows  a  cross  section  of  the  vacuum  cham¬ 
ber  in  the  bending  magnet.  Measurements  performed  on  a  full 
scale  prototype  indicate  that,  at  full  current  operation,  a  new 
layer  of  Ti  must  be  deposited  on  the  wall  of  the  sublimator 
vessel  once  a  week. 

VI.  RF  CAVITY 

The  DA  ONE  RF  cavity  [7]  has  been  designed  with  the  aim 
to  reduce  significantly  the  shunt  impedance  of  the  longitudinal 
high  order  modes  (HOM)  which  are  responsible  of  multibunch 
instabilities.  The  main  features  of  the  resonator  are  large  and 
tapered  beam  tubes,  which  allow  the  HOM’s  to  propagate  out 
of  the  cavity,  and  an  elliptical  profile,  to  avoid  multipacting. 

An  intense  R&D  program  has  been  carried  out  to  couple 
off  and  damp  the  HOM  impedance  by  applying  to  the  cavity 
walls  three  ferrite-loaded  waveguides  (WG)  at  120°.  In  alterna¬ 
tive  to  the  ferrite  loads  under  vacuum,  we  are  studying  a 
broadband  transition  from  WG  to  coaxial.  This  design  would 
allow  to  dissipate  the  HOM  power  on  external  50  Q  loads, 
with  enormous  advantages  from  all  points  of  view. 

The  measurements,  performed  on  a  cold  prototype,  have 
been  very  encouraging,  so  we  have  frozen  the  cavity  shape. 
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Figure  6  shows  the  engineering  design.  In  addition  to  the  rect¬ 
angular  waveguide  ports,  there  is  provision  for  round  ones, 
which  will  be  used  for  the  main  coupler,  tuner,  vacuum 
pumps  and  diagnostics.  Conventional  loops  or  antennas  tuned 
to  most  harmful  HOM's  can  also  be  installed. 


Figure  6.  RF  cavity  engineering  design. 

The  final  prototype,  electro-formed  copper,  will  be  avail¬ 
able  next  fall.  The  only  open  problem  is  the  choice  between 
ferrites  and  broadband  transition:  at  this  moment  the  solution 
with  transitions  is  preferred,  and  a  major  effort  is  being  de¬ 
voted  to  carry  out  the  complete  engineering  design. 

VII.  LONGITUDINAL  FEEDBACK  SYSTEM 

We  recognize  that  longitudinal  multibunch  instabilities  can 
put  a  severe  limit  on  the  current  intensity  and  luminosity 
achievable  in  DA<I>NE. 

Even  if  the  HOM’s  in  the  accelerating  cavities  are  heavily 
damped,  the  probability  for  a  damped  HOM  to  cross  a  coupled 
bunch  mode  frequency  is  large  and,  because  of  the  relatively 
large  current,  the  rise-time  of  the  unstable  modes  can  be  faster 
than  the  natural  damping  time.  Therefore,  a  powerful  active 
feedback  system  capable  of  damping  all  the  coupled  modes  and 
the  injection  transients  (8|  is  necessary. 

In  the  framework  of  a  collaboration  on  feedback  systems 
for  the  next  generation  of  factories  with  intense  beams  and  a 
large  number  of  bunches  with  the  SLAC/LBL  B-Factory 
group,  a  bunch  by  bunch,  time-domain  feedback  largely  based 
on  Digital  Signal  Processors  (DSP)  is  under  development.  In 
fact,  the  design  specifications  are  such  to  fulfill  the  ultimate 
performance  specifications  of  ALS,  PEP-II  and  DAONE  [9, 
10].  The  first  complete  DSP  feedback  system  is  being  realized 
for  the  ALS  (2.2  ns  bunch  spacing). 

Each  bunch  is  treated  as  a  separate  oscillator:  a  bank  of 
DSP  filters  operating  in  parallel  compute  the  correction  kick 
signals  to  be  applied  to  each  bunch  by  means  of  a  power  am¬ 
plifier  and  a  kicker,  according  to  the  measured  phase  errors, 
which  are  uniquely  detected  and  digitized. 

The  main  advantage  of  such  a  system  is  that  the  same 
DSP  can  process  several  bunches,  thus  reducing  the  hardware 


complexity.  Moreover,  it  is  possible  to  take  advantage  of  the 
relatively  low  synchrotron  frequency  (~  1/140  of  the  revolu¬ 
tion  frequency)  and  reduce  substantially  the  sampling  rate  at 
which  the  synchrotron  phase  is  detected.  This  results  in  less 
complex  filters  and  reduces  the  overall  data  rate  and  computa¬ 
tional  load  in  the  DSP  section  [10], 

A  proof-of-principle  experiment  with  a  down-sampled  DSP 
feedback  has  been  carried  out  at  SPEAR  with  a  single  bunch, 
to  measure  the  system  performance  and  to  get  some  opera¬ 
tional  experience  [1 1].  A  small  scale  (few  bunches),  full-func¬ 
tional  prototype  board  to  be  used  for  tests  at  ALS  is  being  de¬ 
veloped  at  SLAC  [12]. 

According  to  simulations,  -  500  W  of  large  band-width 
power  are  enough  to  damp  out  a  100  ps  offset  of  the  injected 
bunch  with  the  other  29  at  the  full  design  current  [8]. 
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Abstract 

AmPS  has  been  built  to  enhance  substantially  the 
main  specifications  of  the  1  %  duty  factor  550  MeV  electron 
accelerator  facility  MEA.  The  maximum  energy  will  be  raised 
to  0.9  GeV  while  the  duty  factor  increases  from  1  %  to 
approximately  100  %.  To  this  purpose  the  ring  AmPS  was 
added  to  the  facility.  Simultaneously  the  linac  was  upgraded 
both  in  current  and  energy.  Two  modes  of  operation  for  the 
ring  are  implemented:  a  Pulse  Stretcher  mode  with  3  turn 
injection  creating  an  external  beam,  and  a  Storage  Mode  with 
multi  turn  injection  for  internal  target  physics.  The 
commissioning  of  the  ring  started  in  April  1992.  Within  two 
months  10  %  duty  factor  beams  could  be  delivered  for  electron 
scattering  experiments.  Meanwhile  the  performance  of  the 
machine  has  been  improved  dramatically.  The  actual 
performance  of  the  ring  is  presented  and  is  compared  with  the 
initial  design  goals. 

I.  INTRODUCTION 

At  NIKHEF-K  electron  scattering  experiments  for 
nuclear  physics  research  are  carried  out.  A  500  MeV  electron 
linac  delivered  typically  50  pA  beams  of  1%-duty  factor  to  the 
experimental  area.  Since  coincidence  scattering  experiments 
(e.e'X)  got  more  emphasis,  the  available  low  duty  factor 
became  a  serious  handicap  to  carry  out  these  type  of 
experiments.  With  the  addition  of  the  Pulse  Stretcher  AmPS 
to  the  facility,  in  conjunction  with  an  increase  of  the  linac 
energy  to  900  MeV  (zero-current;  beamloading  2.6  MeV/mA), 
it  will  be  possible  to  deliver  near-CW  beams  in  the  energy 
range  250-900  MeV  to  the  experimental  area. 

The  maximum  peak  current  of  the  linac  will  be  80 
mA;  at  this  value  a  degradation  of  the  energy  spread  is 
expected:  klp/pl  *  1-2%.  Such  an  energy  spread  will  exceed  the 
momentum  acceptance  of  the  ring.  Therefore  an  Energy 
Spectrum  Compressor  (ESC)  has  been  installed  between  linac 
and  AmPS.  At  the  present  low  values  of  the  injection  current 
(typically  10  mA),  the  linac  +  ESC  system  delivers  beams 
with  energy  spread  of  typically  0.03%  (FWHM). 

Another  option  is  the  Storage  Mode:  in  this  case  the 
circulating  beam  is  not  extracted,  but  used  in  conjunction  with 
an  internal  target  (e.g.  gas  jet  )  to  carry  out  scattering 
experiments.  The  present  2856  MHz  RF  system  can  be  used 
to  store  a  beam  at  energies  up  to  about  550  MeV.  In  order  to 
be  able  to  store  beams  at  the  maximum  energy,  a  476  MHz 
RF  system  will  be  installed  during  the  winter  of  '93-'94. 


II.  PULSE  STRETCHER 

AmPS  was  originally  designed  as  a  Pulse  Stretcher. 
The  basic  design  of  the  machine  has  been  described  in  [1];  an 
overview  of  the  AmPS  project  is  given  in  [2],  The  main 
parameters  of  the  Stretcher  are  summarized  in  Table  1. 


Table  1 

Main  parameters  of  AmPS  in  Stretcher  Mode 


Energy,  min-max 

250-900 

MeV 

circumference 

211.62 

m 

current  (injected) 

80 

mA 

current  (extracted) 

65 

pA 

injection  frequency 

400 

Hz 

injection  duration 

3 

turn 

RF-frequency 

2856 

MHz 

momentum  compaction  a 

0.027 

harmonic  number  h 

2016 

horizontal  tune  vx 

8.300 

vertical  tune  Vy 

7.21 

horizontal  chromaticity  X\ 

-15.0 

vertical  chromaticity  %y 

+  0.2 

synchr.  loss  (@900  MeV) 

17.6 

keV/tum 

In  order  to  slowly  extract  the  beam  from  the  machine,  third 
integer  resonance  extraction  is  used.  As  non-linear  elements 
four  extraction  sexlupoles  are  used  (AmPS  has  basically  a 
four-fold  symmetric  lattice).  The  extraction  is  accomplished 
by  phase-modulating  the  RF  voltage  of  the  cavity.  The  non- 
synchronous  motion,  in  combination  with  the  large  negative 
value  of  the  chromaticity,  effectively  brings  the  tune  close  to 
the  resonant  value.  The  unstable  particles  are  intercepted  by  an 
electrostatic  (wire)  septum  and  from  there  directed  into  the 
extraction  channel. 

Commissioning  experiments  have  been  performed  at 
a  beam  energy  of  E  =  410  MeV,  and  an  injected  (peak)  current 
of  10  mA.  Since  we  started  with  single-turn  injection,  only 
one  injection  kicker  needed  to  be  used.  The  injection  frequency 
was  reduced  to  50  Hz  in  order  to  avoid  too  much  radiation.  The 
average  current  under  these  circumstances  (single-turn 
injection)  is  I  =  ( fin-  x tj>y. ) /  frgv  =0.35/M 
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The  proper  location  of  the  injection  septum  is  x=+16.5  mm 
off-axis  in  order  to  create  the  proper  conditions  for  extraction 
(see  [1]).  From  the  Storage  Mode  runs,  see  Section  III,  the 
septum  was  still  in  on-axis  position.  Rather  than  changing  its 
position,  we  created  a  local  bump  in  the  closed  orbit  around 
the  injection  location  of  -16.5  mm. 

During  the  extraction  time  (20  ms  at  fjnj  =  50  Hz, 
which  corresponds  to  appr.  28000  rev's)  a  phase  shift  is 
applied  to  the  RF  voltage,  such  that  the  phase  shift  increases 
as  the  extraction  progresses.  This  procedure  'shakes'  the 
particles  out  of  the  bucket,  and  once  out,  the  synchrotron 
losses  carry  the  particles  into  the  unstable  part  of  the  phase 
space  (the  chromaticity  has  a  large  negative  value).  Since  the 
extraction  depletes  the  population  of  the  bucket,  the  phase 
shift  per  unit  of  time  has  to  increase  as  the  extraction 
progresses  in  order  to  ensure  a  constant  extracted  current.  The 
total  phase  shift  during  the  extraction  was  about  1400  degrees. 

Currently  the  phase  shifts  are  defined  by  linear 
interpolation  between  only  16  points  over  the  whole 
extraction  cycle,  thus  making  careful  adjustment  of  the  phase 
shifts  not  possible.  Software  is  being  developed  to  divide  the 
extraction  cycle  into  1000  different  regions,  allowing  fine 
tuning  on  a  almost  tum-by-turn  basis.  When  passing  the  4>  = 
360°  point,  the  phase  is  quickly  (120  ns,  corresponding  to  less 
than  1/5  th  of  a  tum)  restored  to  zero.  Details  about  this  phase 
shift  procedure  can  be  found  in  [3].  Since  the  energy  spread  of 
the  injected  beam  is  so  small,  only  4-5  kV  RF  voltage  is 
needed  to  generate  a  bucket  large  enough  to  capture  the  injected 
pulses.  Indeed,  it  was  quickly  found  that  too  large  an  RF 
voltage  inhibits  the  extraction  process. 
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Fig.l  Relation  between  AfRF  (fRF  =  2S56  MHz)  and  vx 
for  zero-sextupole  strength  (natural  chromaticity): 
Xx  -  -9  03. 


viewer  a  few  meter  upstream  of  the  scintillator,  the  time 
structure  of  the  extracted  beam  could  be  observed.  The  current 
in  the  ring  was  measured  with  a  parametric  current  transformer 
(pet)  from  Bergoz.  The  horizontal  tune  was  measured  by 
applying  a  FFT  algorithm  on  the  signal  of  a  stripline 
monitor.  This  method  is  possible  because  in  Stretcher  Mode 
the  beam  is  injected  off-axis  in  the  horizontal  plane.  The 
vertical  tune  was  measured  by  storing  the  beam,  and  then 
applying  a  small  fast  (<  0.7  (is)  vertical  kick  by  a  specially- 
designed  kicker.  Once  adjusted  to  vy  =  7.22,  this  value  was 
not  changed  anymore. 


The  chromaticity,  defined  as  Xz  =  Avz/(dp/p),  z  =  x, 
y,  was  measured  by  varying  the  RF  frequency  and  observing 
the  resulting  tune  change: 


where  a  is  the  momentum  compaction.  Eq.  (1)  was  used  to 
check  the  parametrization  of  our  chromaticity  control.  Fig.  1 
gives  an  example  of  such  a  measurement. 


Fig.2  Ring  current  (top)  and  scintillator  signal  (bottom) 
during  two  injection/extraction  cycles.  Injection 
frequency  is  50  Hz;  the  ring  current  is  20  mA  (two- 
turn  injection). 


The  proper  conditions  for  extraction  were  first 
The  extracted  beam  was  directed  into  a  small  Faraday  checked  by  applying  constant  RF,  and  observing  the  light 
Cup,  about  25  m  distance  from  the  extraction  point.  Close  to  from  one  of  the  four  available  synchrotron  monitors.  RF 
the  Faraday  Cup  a  scintillator  was  placed.  By  inserting  a  beam  capture  was  accomplished  by  slightly  retuning  the  field  of  the 
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ring  dipoles.  Once  this  was  set,  the  RF  was  phase  modulated. 
The  extracted  beam  was  first  observed  on  some  view  screens  in 
the  extraction  channel.  From  this  information  it  was  possible 
to  make  a  better  phase  space  match  in  y  between  incoming 
beam  and  machine.  The  extracted  current  was  optimized  by 
optimizing  RF  parameters  and  extraction  sextupoles  settings. 

more-turn  injection 

By  switching  on  the  second  injection  kicker  and 
increasing  the  length  of  the  injected  beam  pulse  to  1.4  |is,  the 
doubling  of  the  circulating  current,  see  Fig.  2,  indicated  that 
two  turns  got  injected.  The  obvious  extension  to  three-turn 
injection  (the  design  goal)  could  not  be  tested  yet  due  to  (a 
software-related)  inability  to  extend  the  MEA  beampulse 
beyond  1.4  ps.  Finally  the  injection  frequency  was  increased 
to  200  Hz;  under  these  conditions  the  max.  extracted  current 
was  2.5  pA,  which  means  an  extraction  efficiency  exceeding 
90  %.  No  attempt  has  been  made  yet  to  measure  the  emittance 
of  the  extracted  beam. 

Particles  captured  inside  the  bucket  can  also  be 
expelled  from  it  by  changing  the  RF  power  level  during 
extraction  (amplitude  modulation,  AM).  This  method  was  tried 
briefly  and  produced  a  very  'clean'  signal  on  the  scintillator. 
Due  to  machine  problems  this  short  experiment  could  not  be 
repeated.  This  method  will  be  tried  again  later  on. 

in.  STORAGE  MODE 

In  Storage  Mode  each  quadrant  of  AmPS  is  tuned 
identically  (as  opposed  to  Stretcher  Mode,  where  the  injection 
area  is  tuned  slightly  different).  Experiments  were  also  carried 
out  at  E  =  410  MeV.  The  storage  time  at  Vj^p  =  40  kV  and 
i  *  10  mA  was  x  =  2.5  min.  Since  this  storage  time  is 
approximately  equal  to  the  Touschek  lifetime  (fj^p  =  2856 
MHz),  no  serious  attempts  were  made  to  improve  this.  The 
beam  behaviour  as  observed  by  the  synchrotron  ports  indicated 
that  probably  quite  some  higher  harmonics  were  picked  up  by 
the  beam. 


As  we  were  virtually  not  able  to  determine  the  trajectory  of  the 
closed  orbit,  this  is  not  too  surprising.  By  moving  the 
horizontal  tune  close  to  8.33,  we  were  able  to  store  three 
distinct  beams:  these  beams  are  probably  trapped  in  the  three 
islands  adjacent  to  the  three  unstable  fixed  points.  Being  so 
close  to  the  resonance  reduces  the  stable  part  of  the  phase 
space  to  zero,  so  there  is  no  room  any  more  for  the  'central' 
beam. 


IV.  CONCLUSIONS 

The  results  obtained  so  far  in  Stretcher  Operation  indicate  that 
the  machine  behaves  as  expected.  It  seems  important  that  we 
improve  our  (non-interfering)  monitoring  system  in  order  to 
measure  -  and  correct  -  the  closed  orbit.  The  two  fast  injection 
kickers  and  the  associated  timing  system  work  quite  well  as 
we  succeeded  in  two-turn  injection  without  any  additional 
adjustments. 

The  results  in  Storage  Mode  so  far  are  encouraging;  but  only 
when  we  attempt  to  store  higher  beam  currents  at  higher 
energies  (using  the  new  476  MHz  system)  might  we  leant 
more  about  the  behaviour  of  AmPS.  For  internal  target 
physics  experiments  the  lifetime  obtained  so  far  is  already 
sufficient  to  carry  out  meaningful  experiments. 

V.  REFERENCES 

[1]  R.  Maas  and  Y.  Wu,  Optics  of  the  Amsterdam  Pulse 
Stretcher,  In  Proc.  1989  IEEE  Particle  Accelerator 
Conf.,  p.  1698,  1989. 

[2]  G.  Luijckx  et  al.,  The  Amsterdam  Pulse  Stretcher 
Project  (AmPS),  In  Proc.  1989  IEEE  Particle 
Accelerator  Conf.,  p.  46,  1989. 

[3]  F.B.  Kroes,  E.  Heine,  T.G.B.W.  Sluijk,  A  fast 
amplitude  and  phase  modulated  RF  source  for  AmPS,  In 
Proc.  1991  IEEE  Particle  Accelerator  Conf.,  p.  684, 
1991. 


2000 


LEP  Operation  in  1992  with  a  90°  optics 

R.  Bailey,  T.  Bohl,  F.  Bordry,  H.  Burkhardt,  K.  Comelis,  P.  Collier,  B.  Desforges, 
A.  Faugier,  V.  Hatton,  M.  Jonker,  M.  Lamont,  J.  Miles,  G.  de  Rijk  and  H.  Schmickler 

CERN 

CH-1211  Geneva  23,  Switzerland 


Abstract 

The  optics  for  physics  operation  in  LEP  was  changed  from 
60°  to  90°  at  the  start  of  1992  with  a  view  to  improved  Z° 
production,  preparation  for  future  operation  at  higher 
energies  and  the  use  of  the  same  optics  in  machine 
developments.  The  developments  included  running  LEP 
with  twice  the  number  of  bunches  and  using  resonant 
depolarisation  for  energy  calibration.  Perturbation  to 
steady  operation  was  felt  at  the  start  of  the  year  but  was 
soon  overcome  as  the  benefits  of  smaller  emittances  were 
realised.  The  peak  luminosity  increased  to  1.15  Kp*  and 
the  luminosity  lifetime  improved.  New  operational 
software  halved  the  time  taken  between  dumping  one 
coast  and  the  start  of  data  taking  on  the  next.  The  8+8 
bunch  operation  was  introduced  as  routine  operation  for 
the  last  month.  Overall,  there  was  an  increase  in  integrated 
luminosity  from  17.6  inverse  picobams  per  experiment  in 
1991  to  28.6  in  1992.  Along  with  improvements  in 
detector  efficiency,  almost  3  million  hadronic  Z°s  were 
recorded  by  the  four  experiments,  an  increase  from  1.27 
million  in  1991. 

1.  Introduction 

LEP  was  operated  for  the  whole  of  1992  with  a  phase 
advance  per  cell  of  90°  compared  to  60°  in  previous  years. 
This  optics  was  designed  to  produce  low  emittance  beams 
for  physics  while  also  being  suitable  for  operation  with 
Pretzels,  for  polarisation  studies  and  in  the  longer  term  for 
LEP2.  After  initial  difficulties  with  the  commissioning, 
performances  easily  surpassed  those  of  previous  years. 

The  whole  of  the  year’s  running  was  at  the  Z°  peak,  mostly 
with  4  bunches  in  each  beam.  Towards  the  end  of  the  year, 
however,  and  following  a  substantial  program  of  machine 
development  throughout  the  year,  the  machine  was 
operated  with  8  bunches  per  beam  circulating  on  Pretzel 
orbits  [1]. 

2.  Filling  and  preparation  for  physics 

The  procedure  for  filling  LEP  during  1992  was  much  the 
same  as  in  previous  years  [2].  Bunches  of  20  GeV 
positrons  and  electrons  supplied  by  the  SPS  are  injected 
into  LEP  during  a  4.8s  slot  in  the  14.4s  SPS  supercycle. 


Accumulation  is  achieved  by  repetitive  injection  of  this 
kind,  typically  over  about  30  minutes.  Accumulation  rates 
were  similar  to  1991,  but  the  total  beam  currents  achieved 
during  1992  were  somewhat  less  than  in  the  previous  year 
(  See  Table  1  for  details  ).  This  comes  from  the  fact  the 
LEP  intensity  is  presently  limited  not  by  single  beam 
phenomena,  but  rather  by  beam-beam  excitation  of 
transverse  instabilities.  With  lower  emittance  beams,  the 
threshold  for  these  effects  is  lower. 

In  previous  years  two  different  ways  of  getting  from  the  20 
GeV  machine  into  physics  conditions  have  been  used. 
During  the  early  years  of  operation,  beams  were  first 
ramped  in  energy  and  then  squeezed  in  beta*y  at  the 
experimental  interaction  points.  Towards  the  end  of  1991 
running,  these  two  actions  were  combined,  resulting  in  a 
simultaneous  energy  ramp  and  beta*  squeeze.  This  meant 
that  at  the  end  of  the  energy  ramp,  which  presently  takes 
around  7  minutes,  the  machine  was  already  set  to  the 
physics  optics,  and  a  considerable  amount  of  time  was 
saved  in  this  way.  In  1992,  with  the  low  emittance  optics, 
the  combined  ramp  and  squeeze  was  never  mastered  and  it 
was  necessary  to  fall  back  to  separating  these  two 
functions.  This  did  not  in  fact  incur  much  overhead,  since 
the  machine  was  being  driven  by  new  applications 
software  which  made  it  possible  to  run  through  a  separated 
ramp  and  squeeze  in  just  12  minutes  [3].  Indeed,  over  the 
whole  year,  the  turnaround  time  between  physics  runs  was 
almost  halved  compared  to  the  previous  year.  Furthermore 
the  amount  of  beam  lost  during  ramping  the  machine  was 
significantly  less  than  in  previous  years  (Fig  1).  This  was 
due  partly  to  a  slightly  smaller  20  GeV  intensity  to  start 
with,  but  also  the  new  software  ensured  the  integrity  of  the 
ramp  settings  much  more  than  in  previous  years. 

Figure  1  -  Intensities  at  20  and  45  GeV 
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Table  1  -  Comparison  between  the  4  years  of  LEP  running 


1989 

1990 

1991 

1992  1 

Total  hours  achodulod 

Hr*. 

3107 

3433 

4002 

4883 

Hours  achodulod  tor  commissioning 

•a 

1284 

0 

0 

501 

I"  Ml 

*• 

48 

240 

243 

509 

Hours  achodulod  for  MO 

m 

454 

689 

997 

935 

Hours  schsdulod  for  DhvsJcs 

*r 

1321 

2504 

2762 

3439 

Hours  of  boom  In  coast 

• 

469 

1048 

1242 

1742 

% 

35 

43 

45 

51 

■ 

■ms 

■SEBB 

paak 

•vg. 

paak 

aver. 

peak 

avg. 

p oak 

Total  currant  accumulated  20Gev(4+4) 

mA. 

2.85 

2.2 

42 

3.1 

4.3 

3.5 

4.5 

3.2 

Total  currant  accumulated  20G*v(8+8) 

mA 

5.7 

4.7 

EE  SMBiEamMi 

mA. 

2.64 

1.66 

3.6 

2.5 

3.7 

28 

4 

2.4 

1  Current  In  collisions  45Qev(8+8) 

mA 

5 

42 

10*30 

4.25 

1.59 

11 

5.1 

10 

11 

Pb-I 

1.74 

12.1 

18.9 

28.6 

cm 

7 

7 

4.3 

7  8t  5 

4.3 

7.5  &  5 

5&7 

KaaB 

MCTlD-J 

Filling  timo 

him 

0:50 

7:35 

1:20 

6:57 

01:20 

■tores 

02:12 

Coast  duration 

him 

12:45 

5:00 

22:35 

7:30 

27:00 

08:00 

26:30 

08:35 

Total  number  of  coasts 

97 

143 

154 

199 

Percentage  of  coasts  lost 

% 

35 

33 

36 

36  i 

3.  Tuning  during  physics 

While  ninning  with  low  emittance  beams  in  collision  is  of 
course  good  for  luminosity,  it  caused  problems  due  to  the 
large  beam-beam  effects  induced.  These  effects  were  so 
large  that  it  proved  impossible  to  maintain  good  lifetimes 
after  bringing  low  emittance  beams  into  collision  when  the 
total  current  in  the  machine  exceeded  2  mA.  It  proved 
necessary  to  blow  up  the  transverse  emittance  with 
wigglers  before  bringing  the  beams  into  collision.  With 
this  mechanism  in  use  the  currents  in  physics  were  slowly 
increased  throughout  the  year,  eventually  reaching  levels 
comparable  with  previous  years.  The  big  advantage  during 
1992,  however,  was  that  throughout  the  physics  coast  it 
was  possible  to  gradually  reduce  the  wigglers  to  reduce  the 
beam  size  as  the  intensity  fell,  thereby  maintaining 
luminosity  levels.  While  this  procedure  proved  very 
productive,  it  meant  that  machine  conditions  were  often 
changed,  and  the  operators  had  to  optimise  parameters 
frequently  through  the  run. 

Instantaneous  luminosity  levels  achieved  in  this  way  were 
much  the  same  as  in  previous  years,  with  best 
performances  in  the  region  of  1031  cm2  sl.  However  by 
maintaining  luminosity  levels  for  longer  through  the  run, 
the  integrated  daily  and  weekly  rates  were  higher.  Figure  2 
shows  the  evolution  of  the  integrated  luminosity 
throughout  the  year  compared  to  1990  and  1991.  Figure  3 
compares  data  from  the  last  2  years  in  terms  of  the  number 
of  Z°  detected  by  the  four  experiments.  Here  the  increase 
is  more  pronounced  due  to  increased  efficiency  in  the 
detectors  and  to  the  fact  that  all  the  1992  running  was  on 
the  peak  while  in  1991  energy  scanning  was  performed. 


Figure  2  -  Integrated  luminosities 


Figure  3  -  Z0  Production 
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4.  8  bunch  operation 


Figure  4  •  Operational  efficiency 


For  the  previous  years’  running  and  for  most  of  1992,  LEP 
has  been  operated  with  4  bunches  per  beam.  Unwanted 
beam  collisions,  of  which  there  are  8  during  filling  and 
preparation  for  physics,  and  4  during  physics,  are  avoided 
by  a  local  vertical  separation  scheme  [4],  In  order  to  go  to 
8  bunches  per  beam  a  horizontal  Pretzel  scheme, 
developed  during  1991  and  1992,  was  introduced  into 
routine  operations  for  the  last  four  weeks  of  running  [1], 

Filling  8  bunches  per  beam  in  LEP  was  achieved  with  no 
change  to  the  injectors.  Instead  the  LEP  RF 
synchronisation  was  flipped  back  and  forth  on  successive 
SPS  supercycles,  filling  alternatively  normal  and  'Pretzel' 
bunches.  Towards  the  end  of  the  year  this  was  achieved  in 
an  automatic  way. 

The  maximum  bunch  intensities  achieved  during  Pretzel 
operation  were  about  70%  of  those  achieved  during 
normal  four  bunch  running.  With  8  bunches  per  beam 
there  are  extra  long-range  encounters  in  the  middle  of  the 
arcs,  which  further  limit  the  accumulated  current.  The 
mechanism  appears  to  be  the  same  as  that  limiting  the 
current  in  the  four  bunch  case,  but  at  a  lower  threshold. 

The  overall  operational  efficiency  was  little  affected  by  8 
bunch  operation.  Even  with  the  filling  scheme  described 
above,  accumulation  times  were  only  slightly  higher  than 
with  4  bunches  per  beam.  Ramp  and  squeeze  efficiencies 
were  also  comparable  to  those  achieved  with  four  bunch 
running.  However  a  further  factor  of  70%  was  observed  in 
the  luminosities  achieved  for  a  given  bunch  current  This 
probably  came  from  a  combination  of  beam  blow-up  and  a 
residual  horizontal  miscrossing  at  the  experimental 
interaction  points. 

These  two  factors  of  70%  combined  to  cancel  out  the 
gains  coming  from  having  twice  the  number  of  bunches  in 
the  machine.  Nevertheless  the  break-even  point  was 
reached  early  in  the  8  bunch  operation,  and  as  more 
experience  was  gained  throughout  the  few  weeks  of 
running,  peak  luminosities  were  seen  to  gradually 
increase.  The  highest  luminosity  ever  seen  in  LEP  was  1.2 
1031  cm  2  s'1,  achieved  during  8  bunch  operation. 

5.  Efficiency  during  operations 

The  LEP  efficiency  is  defined  as  the  number  of  hours 
with  beams  in  coast  divided  by  the  number  of  hours 
scheduled  for  physics.  Since  LEP  has  to  be  filled,  ramped 
squeezed  and  prepared  before  physics  can  start,  this  figure 
can  never  reach  100%.  The  efficiency  has  been  slowly 
increasing  since  the  start  of  LEP  (  see  Table  1  ),  and  in 
1992  was  above  50%  for  the  first  time.  During  later 
running  this  figure  was  higher,  even  during  the  8  bunch 
operation  at  the  end  of  the  year  ( Figure  4). 


The  overall  efficiency  of  LEP  operation  benefited  from 
running  with  a  single  optics  through  the  year.  Transition 
from  physics  to  machine  study  periods  and  back  were 
more  efficient  than  in  previous  years.  In  particular  the 
development  of  the  Pretzel  operation  on  the  same  optics 
used  for  physics  was  particularly  beneficial. 

The  percentage  of  coasts  lost,  rather  than  intentionally 
killed,  was  36%,  a  value  very  similar  to  that  of  the  three 
previous  years  ( see  Table  1). 

5.  Summary 

The  average  integrated  luminosity  measured  by  the  four 
LEP  experiments  in  1992  was  28.6  inverse  picobams.  The 
peak  luminosity  observed  in  any  of  the  199  fills  made  was 
1.2  1031  cm'2  s1,  achieved  during  Pretzel  running.  All 
running  was  at  the  peak,  which  together  with  an  improved 
efficiency  of  the  experiments  resulted  in  a  total  of  3.0 
million  hadronic  Z°s  recorded  in  all  experiments. 
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Abstract 

TRISTAN-II  (B-Factory)  project  at  KEK  aims  at 
constructing  an  accelerator  complex  which  enabus  us  to  detect 
the  OP-violation  effect  a  B-mesons.  It  is  a  3.5  x  8  GeV 
electron-positron  collider  in  the  existing  TRISTAN  tunnel. 
The  eventual  luminosity  goal  is  1034  cm  2s_1.  Progress  of 
design  work  and  present  “it us  of  R&D  are  reported. 

I.  INTRODUCTION 

The  design  of  the  B-Factory  at  KEK  has  converged  to  that 
on  the  basis  of  existing  TRISTAN[1],  hence  the  name 
TRISTAN-II:  Two  rings  of  the  TRISTAN-II  are  to  be 
installed  in  the  existing  TRISTAN  tunnel  and  the 
infrastructure  of  TRISTAN  should  be  maximally  utilized.  The 
2.5  GeV  electron  linac  will  be  upgraded  to  8  GeV  in  order  to 
inject  3.5  GeV  positrons  and  8  GeV  electrons  directly  into 
TRISTAN-II  and  to  produce  a  sufficient  positrons  necessary  for 
TRISTAN-II. 

We  plan  to  increase  the  luminosity  of  the  B-Factory  in 
two  steps[2].  We  first  employ  a  small-angle  (±  2.8  mrad) 
crossing  scheme  (step  1).  In  this  step  we  cannot  fill  the  whole 
bucket  with  beam,  since  we  need  a  length  for  separation  of 
electrons  and  positrons  to  avoid  spurious  collisions;  therefore, 
every  fifth  bucket  is  filled  with  beam.  Three  meter  bunch 
spacing  in  this  case  is  long  enough  to  install  beam  reparation 
equipment,  such  as  separation  dipole  magnets.  The 
luminosity  of  step  1  is  2  x  1033  cm'V1.  In  the  second  step, 
we  fill  every  bucket  with  beam  by  introducing  a  large-angle 
crossing  (~±  10  mrad)  with  crabbing[3,4].  The  luminosity 
will  be  increased  by  a  factor  5  to  1034  cm'V1.  The 
machine  parameters  for  both  steps  are  essentially  unchanged 
except  the  bunch  spacing  and  the  total  current.  The  same 
lattice  is  used  for  both  steps  with  minor  changes  of  the 
interaction  region.  The  main  parameters  are  given  in  Table  I. 
The  values  in  parentheses  correspond  to  those  for  step  1. 

As  shown  in  Fig.l  the  detector  will  be  installed  at  Fuji 
Experimental  Hall  of  TRISTAN,  which  is  occupied  now  by 
VENUS  detector.  The  superconducting  solenoid  magnet  and 
outer-layer  ion  structure  of  VENUS  will  be  used  for  the  B- 
Factory  detector  with  some  slight  modifications;  inner  part  of 
the  detector  will  be  completely  renewed.  Electrons  and 
positrons  are  injected  from  the  upgraded  linac  to  TRISTAN-II 
at  straight  sections  on  both  sides  of  the  collision  point. 
Figure  2  illustrates  the  cross  sections  of  the  tunnel  for 
TRISTAN-II. 

II.  RF  SYSTEM 

A.  Normalconducting  RF  cavity 

To  prevent  the  coupled  bunch  instabilities  we  need  a 
special  cavity  which  has  small  HOM  impedance.  We  have 
been  studying  a  two-cell  damped  cavity[5j,  which  was  first 


proposed  by  R.  B.  Palmer[6].  The  basic  idea  of  the  damped 
cavity  is  that  the  HOM  field  is  guided  to  waveguides  attached 
to  the  side  of  the  cavity  through  slots  cut  on  the  disk  between 
cells;  the  cutoff  frequency  of  the  waveguide  is  set  higher  than 
the  fundamental  accelerating  mode  frequency. 


Fig.  2.  Cross  sections  of  the  tunnel  for  TRISTAN-II. 
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Tablet  Main  parameters  of  TRISTAN-II 


LER 

HER 

Energy 

3.5 

8.0 

GeV 

Circumference 

3018 

m 

Luminosity 

1x1034(2x1033) 

cm'V1 

Tune  shifts 

0.05/0.05 

Beta  function  at  IP 

1.0/0.01 

m 

Beam  current 

2.6  (0.52) 

1.1  (0.22) 

A 

Natural  bunch  length 

0.5 

cm 

Energy  spread 

7.8  x  lO'4 

7.3  x  lO'4 

Bunch  spacing 

0.6(3.0) 

m 

Particles/bunch 

3.3  x  1010 

1.4  x  1010 

Emittance 

19/0.19 

10'9m 

Synchrotron  tune 

0.064 

0.070 

Betatron  tune 

~  39 

-39 

Momentum 

8.8  x  10'4 

1.0  x  lO'3 

compaction 

Energy  loss/tum 

0.91 

4.1 

MeV 

RF  voltage 

20 

47 

MV 

RF  frequency 

508 

MHz 

Harmonic  number 

5120 

Damping  decrement 

2.6  x  10'4 

5.1  x  lO  4 

Bending  radius 

15.0 

91.3 

m 

Length  of  bending 

0.42 

2.56 

m 

magnet 

Values  in  parentheses  are  for  step  1. 


Fig.  3  Full-size  Nb  model  cavity. 


The  first  prototype  damped  cavity  has  been  completed  and 
a  low -power  test  is  now  under  way.  Q-values  of  the  most 
dangerous  modes,  TMllO-rc  and  TM01  1-jr,  were  found  to  be 
as  small  as  41  and  14. 

As  an  alternative  of  the  two-cell  damped  cavity,  the  design 
of  the  choke-mode  cavity[7]  is  under  way  at  KEK. 

B.  Superconducting  RF  Cavity 

After  having  determined  the  optimized  shape  of  the  cavity 
by  computer  calculation  a  full-size  aluminum  model  was 
manufactured  and  resonance  spectra  of  the  cavity  were 
measured  with  and  without  ferrite  absorbers  (TDK  IB-004). 
The  loaded  Q  values  of  most  modes  were  -  100  or  less  with 
absorbers,  except  two  harmless  quadrupole  modes,  TM210  and 
TE211. 

A  full-size  Nb  model  with  this  optimized  shape  was 
constructed  (see  Fig.  3)  and  tested  in  a  vertical  cryostat.  The 
maximum  accelerating  field  obtained  was  1 1  MV/m  with  the 
Q  value  of  109  (see  Fig.  4). 


Fig.  4.  The  result  of  the  vertical  test 
of  the  prototype  Nb  cavity. 

C.  Energy  Storage  Cavity 

Extremely  heavy  beam  loading  to  the  cavity,  together 
with  the  small  revolution  frequency,  leads  to  a  quite  violent 
longitudinal  coupled-bunch  instability  due  to  the  fundamental 
mode  of  accelerating  cavities.  The  most  straightforward  way  to 
avoid  this  instability  is  to  employ  superconducting  cavities, 
since  a  large  storage  energy  mitigates  the  beam  loading.  T. 
Shintake  of  KEK  proposed  to  add  an  energy  storage  cavity  to 
the  accelerating  cavity  cell[8].  This  storage  cavity  effectively 
enlarge  the  stored  energy  and  makes  the  cavity  system  stronger 
against  beam  loading;  no  RF  feedback[9]  is  necessary  even  for 
normal  conducting  cavities.  We  are  investigating  the 
feasibility  and  applicability  of  the  idea  to  TRISTAN-II. 

III.  VACUUM  SYSTEM 

A  trial  model  duct  was  fabricated.  The  duct  is  straight  and 
3.7  m  long  and  consists  of  a  beam  channel  (100  mm  in  width 
and  50  mm  in  height),  a  pump  channel  and  a  cooling  channel. 
The  duct  material  is  Oxide  Free  Copper  provided  from 
HITACHI  Cable,  Ltd.  Each  channel  was  independently 
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extruded  in  a  circular  pipe  shape  with  a  proper  size  and  then 
extracted  to  its  design  shape.  They  were  welded  each  other 
by  EBW.  The  thermal  gas  desorption  rate  and  photodesorption 
coefficient  of  the  duct  were  measured!  10]. 

IV.  SEPARATION  DIPOLE  MAGNET 

The  separation  superconducting  dipole  magnets  will  be 
installed  close  to  the  vertex  detector  and  the  precision  drift 
chamber.  In  order  to  reduce  the  leakage  field,  this  magnet  has 
two  layers  of  cos9  windings]  1 1].  As  shown  in  Fig.  5,  the 
leakage  field  from  the  longitudinal  end  part  of  the  magnet  at 
the  detector  is  less  than  50  Gauss. 


Z  [cm] 

Fig.  5.  Leakage  field  near  the  longitudinal  end  part  of 
the  separation  superconducting  dipole. 


V.  LINAC  UPGRADE 

Present  2.5  GeV  linac  will  be  upgraded  by  adding 
accelerating  structures  and  changing  20  MW  klystrons  to  60 
MW  ones.  SLEDs  are  used  to  increase  the  field  gradient. 
After  this  upgrade,  the  linac  can  accelerate  8  GeV  electrons, 
which  will  be  injected  directly  into  HER.  Positrons  are 
produced  by  4  GeV  electrons  and  accelerated  up  to  3.5  GeV 
before  being  injected  directly  to  LER.  If  we  assume  a 
normalized  yield  of  positrons  to  be  2%/l  GeV  electron,  the 
intensity  of  positrons  produced  by  4  GeV  electrons  of  4  x 
10 10  per  pulse  amounts  to  3.2  x  109  per  pulse;  this 
corresponds  to  1000  sec  injection  time  to  LER. 

VI.  MACHINE  STUDY  PLAN 

A .  Beam  Test  ofRF  Cavities  and  Feedback  Systems  at  the 

TRISTAN  AR 

Three-month  long  beam  test  is  planned  to  be  held  in 
spring  of  1995  by  the  use  of  TRISTAN  Accumulation  Ring 
(AR).  We  plan  to  store  more  than  500  mA  electron  beam  in 
AR  with  a  multibunch  mode  at  2.5  GeV.  The  bunch  spacing 
is  10  nsec  and  the  total  number  of  bunches  amount  to  128. 
To  accumulate  this  high  current,  the  existing  APS  type  RF 
cavities  will  be  removed  temporally  from  the  ring  and  a 
normal  conducting  damped  cavity  and  a  single  cell 
superconducting  cavity  will  be  installed.  The  transverse  and 
the  longitudinal  feedback  systems  will  be  also  installed.  An 
IR  beam  pipe  close  to  the  one  used  for  TRISTAN-11  will  be 
installed  to  check  the  heating  due  to  the  beam. 


B.  Dynamic  Aperture  Study 

We  plan  to  adopt  the  non-interleaved  sextupole  scheme  for 
the  purpose  of  keeping  enough  (transverse)  dynamic 
aperture[12].  Since  this  sextupole  scheme  has  never  been 
adopted  in  real  machines,  we  must  be  very  careful  introducing 
this  scheme.  We  have  a  plan  to  carry  out  a  machine  study  on 
this  scheme  in  this  autumn  at  TRISTAN  which  needs  a 
dedicated  machine  time  of  about  a  month.  Measured  and 
calculated  dynamic  aperture  will  be  compared. 

VII.  PROSPECTS 

TRISTAN-11  project  at  KEK  is  regarded  as  the  third  phase 
of  TRISTAN.  After  having  pursued  the  energy  frontier  by 
increasing  the  beam  energy  from  25  GeV  to  32  GeV,  the 
TRISTAN  has  stepped  into  its  second  phase  from  February 
1990,  where  we  put  the  stress  on  accumulating  as  large  an 
integrated  luminosity  as  possible  at  a  modest  energy  (29  GeV). 
The  goal  is  to  accumulate  300  pb"1  integrated  luminosity. 
By  the  end  of  1994  this  goal  will  be  reached.  We  envision 
that  construction  of  TRISTAN-II  will  start  from  April  1994 
and  by  the  end  of  1998  the  commissioning  will  take  place. 
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Introduction 

A  direct  route  to  higher  luminosity  at  colliding  beam  stor¬ 
age  rings  is  to  increase  the  average  beam  current  by  in¬ 
creasing  the  number  of  bunches  in  each  beam.  However, 
as  the  number  of  bunches  increases,  so  does  the  number  of 
crossing  points  where  bunches  from  opposing  beams  may 
interact  destructively.  The  most  obvious  result  of  these 
long  range  interactions,  (often  seen  at  CESR),  is  poor 
beam  lifetime.  An  increasingly  important  issue  is  then 
how  to  determine  the  minimum  separation  required  for  ad¬ 
equate  lifetime  [2]  [3].  We  have  conducted  fairly  extensive 
experiments  at  CESR  to  measure  the  minimum  separation 
using  a  variety  of  different  optics,  crossing  points,  beam 
currents,  and  energies.  In  all  cases  we  found  that  if  the  op¬ 
posing  beam  current  is  large  enough,  we  can  adequately  fit 
the  minimum  separation  to  a  function  proportional  to  the 
square  root  of  the  opposing  beam  current.  However,  if  the 
opposing  beam  current  is  instead  quite  small,  reasonable 
lifetime  may  be  obtained  with  no  separation  at  all.  Track¬ 
ing  simulations  give  similar  results.  We  also  found  that  the 
minimum  required  separation  depends  significantly  on  the 
beta  functions  at  the  crossing  points.  A  number  of  phe¬ 
nomenological  models/criteria  suitable  for  use  in  designing 
optics  have  been  evaluated  against  the  experimental  data 
and  the  results  are  reported  here.  Some  traditional  models 
did  not  fare  well  in  this  evaluation. 

Experiments 

The  basic  technique  used  to  study  the  long  range  interac¬ 
tion  was  to  fill  selected  noncolliding  bunches  and  reduce 
the  separation  at  the  crossing  points  until  a  poor  (ss  50 
minutes)  lifetime  was  observed.  The  value  of  the  separa¬ 
tion  obtained  represents  the  minimum  necessary  (but  not 
sufficient)  for  acceptable  lifetime.  Almost  always,  a  small 
k  10%  increase  in  the  separation  above  the  measured  min¬ 
imum  was  sufficient  to  obtain  very  long  lifetimes. 

In  most  tests,  only  one  bunch  from  each  beam  was  filled. 
In  these  cases  the  effects  of  the  long  range  beam-beam  in¬ 
teractions  at  two  crossing  points  are  combined.  In  gen¬ 
eral,  the  separation  distances,  beam  sizes,  beta  functions, 
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etc.,  were  different  at  the  two  crossing  points,  though  of¬ 
ten  the  effects  from  one  crossing  point  dominated.  In  other 
tests,  one  bunch  was  filled  against  two  or  three  noncollid¬ 
ing  bunches  in  the  opposite  beam.  For  each  test,  only  the 
overall  separation  amplitude  was  adjusted  so  the  individual 
separation  distances  at  the  different  crossing  points  were 
changed  proportionally. 

Four  completely  different  lattices  were  used  for  the  ex¬ 
periments,  with  varying  beta  functions,  tunes,  sextupole 
distributions,  emittances  and  in  the  case  of  optics  D  of  ta¬ 
ble  1,  slightly  different  energy.  We  tested  several  crossing 
points  by  filling  different  combinations  of  bunches.  The 
theoretical  values  of  the  optical  functions  for  each  of  the 
one  on  one  bunch  configurations  used  in  the  tests  are  given 
in  table  1. 

For  each  configuration,  the  minimum  separation  was 
measured  over  a  range  of  opposing  beam  currents.  An  ex¬ 
ample  of  the  current  dependence  of  the  minimum  required 
separation  is  given  in  figure  1.  A  best  fit  curve,  assuming 
the  minimum  separation  is  proportional  to  the  square  root 
of  the  current,  is  superposed  on  the  plot.  This  choice  of 
fitting  does  a  somewhat  better  job  than  a  simple  linear 
fitting  when  applied  to  all  the  data,  though  in  this  case 
the  difference  is  small.  It  does  not  fit  well  if  the  current  is 
reduced  to  the  point  where  it  is  possible  to  obtain  head- 
on  collisions,  but  such  currents  are  generally  less  than  the 
design  currents. 

Simulation 

We  simulated  some  of  the  experimental  data  by  tracking 
using  the  BEAMBEAM  element  in  the  MAD  program  [l]. 
Sextupoles  were  included  and  betatron  and  synchrotron 
tunes  were  adjusted  to  the  measured  values. 

Lifetime  is  not  simulated  directly.  Instead  the  tracking 
efforts  were  aimed  at  finding  out  what  kinds  of  dynamics 
come  into  play  when  the  long  range  interaction  becomes 
strong.  To  make  sure  that  all  kinds  of  modulation  were 
excited  we  used  initial  amplitudes  in  all  three  dimensions: 
vertical,  horizontal  and  synchrotron,  and  used  four  parti¬ 
cles  with  different  initial  synchrotron  phases.  Most  of  the 
study  involved  initial  amplitudes  of  3.2  <r.  If  there  was  an 
aperture  at  3.2  a  in  any  dimension,  a  gaussian  beam  would 
have  about  a  50  minute  lifetime.  The  number  of  turns 
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Table  1:  Design  values  of  crossing  point  optical  parameters  for  each  of  the  test  configurations  are  listed.  Subscripts  1,2 
refer  to  crossing  points  locations  on  on  opposite  sides  of  the  ring.  The  separation  distances,  slt  s2,  are  the  millimeters 
of  separation  obtained  when  the  separation  amplitude  is  1000  units.  The  horizontal  beam  size  <rx  is  in  millimeters, 
while  the  rest  of  the  betatron  functions  are  given  in  meters.  The  relative  energy  spread  6,  is  about  6.3  x  10-4  for  all 
lattices. 


Figure  1:  The  minimum  separation  amplitude  obtained 
for  different  opposing  beam  currents  is  plotted.  1000  units 
of  separation  corresponds  roughly  to  a  typical  maximum 
separation  of  ±  10  mm.  In  this  case  one  bunch  in  each  beam 
is  colliding  at  two  points  with  optical  properties  defined  in 
table  1. 


Figure  2:  The  maximum  vertical  amplitude  of  four  test 
particles  was  tracked  for  2000  turns  with  two  different  sep¬ 
aration  amplitudes.  At  1300  units  of  separation  the  verti¬ 
cal  amplitude  is  stable,  while  at  1000  units,  the  amplitude 
grows  rapidly  to  near  the  machine  aperture. 


tracked  was  2000  which  corresponds  to  substantially  less 
than  the  radiation  damping  time. 

In  figure  2  we  show  an  example  of  results  of  a  simula¬ 
tion  corresponding  to  data  set  5  in  table  1  for  an  opposing 
beam  current  of  10  mA.  In  particular  we  plot  the  verti¬ 
cal  amplitude  as  a  function  of  the  turn  number.  At  the 
larger  separation  amplitude  of  1300  units,  tracking  gives 
no  discernible  growth  in  vertical  amplitude.  When  the 
separation  is  reduced  to  1000  units,  tracking  shows  an  un¬ 
stable  vertical  amplitude  and  growth  rate  sufficient  to  take 
the  average  tracked  particle  out  near  the  vertical  physical 


aperture  of  the  machine.  Experimentally  we  observed  that 
at  1200  units  the  beam  had  a  50  minute  lifetime,  but  when 
the  separation  was  reduced/increased  the  lifetime  rapidly 
decreased/increased.  This  comparison  was  made  against 
several  of  the  machine  studies  results  with  similar  results. 

In  the  simulations,  the  horizontal  and  synchrotron  am¬ 
plitudes  never  exhibited  large  instabilities.  Only  the  ver¬ 
tical  amplitude  seems  to  be  seriously  affected  by  the  long 
range  beam  beam  interaction. 
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Table  2:  The  predictive  abilities  of  various  phenomenologi¬ 
cal  models,  labeled  A  through  K,  for  determining  the  mini¬ 
mum  separation  amplitudes  for  good  lifetime  are  compared 
in  this  table.  The  models  were  applied  to  experimental  re¬ 
sults  obtained  from  1 1  different  configurations  of  crossing 
points  and  lattices.  In  this  table  Xi  refers  to  the  distance 
in  millimeters  between  beam  centerlines  at  crossing  point 
»,  and  is  the  long  range  tune  shift  parameter.  The  free 
parameters  n„,  C,  and  C'  are  adjusted  for  best-fit. 


Description 

Best  fit 
at  10  mA 

RMS 

A 

Xi  >  nacrxi  +  Cy/(3xif3yi 

n„  =  2.0 

C  =  .31 

0.124 

B 

X%  ^  ^(Tji 

£ 

II 

cn 

0.255 

C 

Xi  >  c 

C-  11.0 

0.203 

D 

ii  <  C,  x  or  y 

C  =  0.0019 

0.212 

E 

ZPvtf/X?  <  C 

C  =  1.61 

0.112 

F 

Xi  >  C  +  n„<TXi 

II  H 

0.190 

G 

Xi>C  +  C'<rxis/0~ 

C  =  2.75 

C'  =  0.73 

0.120 

H 

C  =  0.0021 

0.192 

I 

Xi  >  natTpXi 

na  —  5.50 

0.227 

J 

Xi>C  +  C'/axi 

C-  11 

C'  =  0.0 

0.203 

K 

E  0li<ri4/X?  <  C 

C  -  3.00 

0.144 

Phenomenology 

A  number  of  phenomenological  models  describing  separa¬ 
tion  criteria  for  good  lifetime  were  constructed.  They  were 
checked  against  the  results  of  the  machine  experiments  for 
a  beam  current  of  10  mA.  Only  the  one-on-one  bunch  data 
were  used  in  this  comparison  and  the  results  are  shown 
in  table  2.  All  models  implicitly  assume  the  tunes  were 
adjusted  to  get  away  from  destructive  resonances,  as  was 
done  in  the  experiment. 

The  models  are  compared  on  the  basis  of  the  root  mean 
square  deviation  of  the  predicted  minimum  separation  am¬ 
plitude  from  the  actual  obtained  in  machine  studies,  nor¬ 
malized  to  the  actual  separation  amplitude.  All  models 
assume  either  one  or  two  free  parameters  which  were  var¬ 
ied  to  obtain  the  minimum  RMS.  The  best  performing  of 
the  models,  E,  gives  a  best-fit  RMS  of  .11  (11%),  which 
is  about  as  well  as  we  can  expect  given  the  limited  accu¬ 
racy  with  which  we  know  the  actual  optical  functions  at 
the  crossing  points.  The  worst  of  the  models  give  an  RMS 
more  than  20%. 

The  two-parameter  models  seek  to  describe  the  data  by 
requiring  the  separation  at  all  crossing  points  be  greater 
than  an  amount  which  depends  on  an  effective  core  size  and 
the  distance  between  the  test  beam  and  the  core  edge.  This 
is  motivated  by  the  rapid  increase  in  the  vertical  beam- 
beam  deflection  for  particles  which  pass  close  to  the  center 


of  the  opposing  beam  [4].  The  best  performing  “variable 
core”  models,  A  and  G,  require  greater  separation  at  points 
with  larger  (3y  and  larger  ax.  The  worst  performing  core 
models,  F  and  J,  do  not  have  any  /?„  dependence. 

The  one-parameter  models  are  of  two  types.  Models 
E,  J  and  K  add  up  the  effects  from  all  crossing  points, 
while  the  other  one-parameter  models  simply  require  that 
the  separation  distance  at  all  crossing  points  be  greater 
than  some  model  dependent  number.  Model  E  gives  more 
weight  to  points  with  high  0y  and  large  beam  sizes. 

Two  models  previously  used  extensively  in  design  crite¬ 
ria  at  CESR  are  D  and  I.  Model  D  requires  all  long  range 
tune  shift  parameters  be  less  than  a  fixed  value,  and  model 
I  requires  at  least  some  fixed  number  of  betatron  sigma  be¬ 
tween  beam  centers.  These  models  are  among  the  worst 
at  describing  machine  performance.  In  fact  they  predict  a 
minimum  separation  amplitude  which  in  some  data  is  in 
error  by  a  factor  of  two. 

Conclusions 

The  correlation  of  the  tracking  results  with  machine  stud¬ 
ies  data  is  very  encouraging.  However,  such  tracking  can 
only  be  used  to  check  a  lattice  design,  and  is  too  cum¬ 
bersome  to  be  used  in  the  optimization  programs  that  are 
used  to  generate  a  lattice.  In  this  regard,  we  are  pleased  to 
see  that  some  phenomenological  models  can  give  reason¬ 
ably  good  prediction  of  required  separation,  at  least  for  the 
range  of  parameters  we  have  been  able  to  test.  Further  ex¬ 
perimental  work  will  extend  the  range  to  include  larger  and 
smaller  beta  functions,  and  examine  more  of  the  effects  of 
multiple  bunches  per  beam.  For  one-on-one  bunch  con¬ 
figurations  models  A,  E  and  B  are  about  equally  good.  A 
lattice  designer  might  use  any  of  these  for  optimisation  and 
check  the  results  against  tracking.  He  should  keep  in  mind 
a  small  (%  10%)  increase  in  separation  will  be  needed  to 
get  from  the  marginal  50  minute  lifetime  predicted  by  the 
models  to  long  lifetimes  acceptable  for  running  conditions. 
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Abstract 

We  describe  the  present  status  of  the  PEP-II  asymmetric  B 
factory  design  undertaken  by  SLAC,  LBL,  and  LLNL. 
Design  optimization  and  changes  from  the  original  CDR  are 
described.  R&D  activities  have  focused  primarily  on  the  key 
technology  areas  of  vacuum,  RF,  and  feedback  system 
design.  Recent  progress  in  these  areas  is  described.  The 
R&D  results  have  verified  our  design  assumptions  and 
provide  further  confidence  in  the  design  of  PEP-II. 


1.  INTRODUCTION 

The  conceptual  design  for  the  PEP-II  asymmetric  B  factory, 
carried  out  as  a  collaboration  of  SLAC,  LBL,  and  LLNL, 
was  completed  in  February,  1991  [1].  The  design  goal  for 
PEP-II,  which  comprises  a  high-energy  ring  (HER)  of  9  Ge V 
e-  and  a  low-energy  ring  (LER)  of  3.1  GeV  e\  is  to  provide 
a  luminosity  of  X  =  3x  1033  cm-2  s~*.  Since  the 
conceptual  design  report  (CDR)  was  completed,  the  design 
has  continued  to  evolve  and  R&D  is  being  carried  out  in  the 
technological  areas  of  vacuum,  RF,  and  feedback.  The  main 
design  changes  and  R&D  results  are  summarized  here. 

2.  DESIGN  OVERVIEW 

The  two-ring  PEP-II  facility  will  be  located  in  the  2200- m 
circumference  PEP  tunnel,  with  the  new  LER  mounted  atop 
the  HER.  The  HER  reuses  most  of  the  components  from 
the  existing  PEP  ring.  The  injector  for  the  rings  makes  use 
of  the  present  SLC  injector,  which  routinely  provides  3  x 
1010  e*  per  pulse  at  120  pps  (compared  with  a  PEP-II  design 
requirement  of  0.2-1  x  1010  e*  per  pulse).  With  this 
injection  system,  the  estimated  top-off  time  for  the  operating 
collider  is  3  minutes,  and  the  time  to  fill  the  rings  from  zero 
current  is  about  6  minutes.  A  summary  of  the  main  PEP-II 
parameters  is  given  in  Table  1. 

‘Work  supported  by  the  Director,  Office  of  Energy  Research, 
Office  of  High  Energy  and  Nuclear  Physics,  High  Energy 
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(SLAC),  and  W-7405-Eng-48  (LLNL). 


Table  1.  Main  PEP-II  Parameters. 


LER 

HER 

Energy,  E  [GeV] 

3.1 

9 

Circumference,  C  [m] 

2200 

2200 

£y/£x  [nm-rad] 

2.6/64 

1.9/48 

ft/fc  [cm] 

1.5/37.5 

2.0/50.0 

0.03 

0.03 

_/jjp  [MHz] 

476 

476 

VRF  [MV] 

5.9 

18.5 

Bunch  length,^  [mm] 

10 

10 

Number  of  bunches,  kB 

1658t 

1658+ 

Damping  time,  rx  y  [ms] 

40.3 

37.2 

Total  current,  /  [A] 

2.14 

0.99 

U0  [MeVAum] 

1.14 

3.6 

Luminosity  [cnrVl 

3x  1033 

t includes  gap  of  -5%  for  ion  clearing 


3.  DESIGN  OPTIMIZATION 
3.1  Lattice  Design 

The  main  changes  with  respect  to  the  CDR  design  involve 
the  LER  lattice.  To  increase  the  emittance  contribution  and 
radiation  damping  from  the  arcs  (thereby  reducing  the 
dependence  on  wiggiers),  the  LER  arc  dipole  length  has  been 
reduced  from  100  cm  to  45  cm.  Increasing  the  width  of  the 
LER  vacuum  chamber  to  provide  additional  conductance  has 
made  this  solution  acceptable.  The  LER  arcs  now  provide 
half  of  the  required  damping  decrement  and  half  of  the 
required  emittance  for  the  LER. 

We  have  also  increased  the  symmetry  of  the  LER  by  making 
the  magnet  arrangement  mirror  symmetric  about  the 
interaction  point  (IP),  as  described  in  Ref.  [2].  We  have 
examined  the  concept  of  “local”  chromaticity  correction  in 
which  sextupoles  are  located  in  the  interaction  region  (IR) 
straight  section  itself  to  control  the  chromaticity  generated 
by  the  IR  quadru poles.  This  approach  reduces  the  higher- 
order  chromaticity  that  must  otherwise  be  controlled  with  the 
arc  sextupoles  alone.  Finally,  we  reduced  ft>  and  f£  in  the 
HER  to  2  cm  and  50  cm  respectively  and  the  design 
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luminosity  is  now  reached  with  a  lower  current  of  0.99  A  in 
the  HER  and  a  smaller  emittance  of  64  nm  rad  in  the  LER. 

Based  on  beam-beam  simulations  of  the  injection  process 
[3],  we  have  now  adopted  a  vertical  injection  scheme  for  the 
rings.  This  keeps  the  injected  beam  well  away  from  the 
stored  beam  in  the  other  ring  at  the  parasitic  crossing  points 
and  thus  minimizes  the  beam  blowup  during  injection. 
Horizontal  injection  is  still  an  acceptable  option  but  leads  to 
more  blowup  and  thus  potentially  more  detector  background. 

3.2  IR  Design 

The  PEP-II  IR  design  is  based  on  an  “S-bend”  geometry,  as 
illustrated  in  Fig.  1.  Compared  with  the  CDR  design,  we 
now  have  fewer  magnets  (2  vs.  3  IR  quadrupoles)  and  a 
stronger  B1  separation  dipole  (tapered  for  maximum  strength 
and  minimum  interference  with  the  detector  solid  angle). 
This  configuration,  in  combination  with  the  reduced 
emittance  in  the  LER.  leads  to  larger  horizontal  separation  at 
the  parasitic  crossing  points  (11.8a  vs.  1.6a).  Only  the  Q1 
quadrupole  is  common  to  both  HER  and  LER.  The  Q2 
magnet  is  a  conventional  septum  quadrupole  acting  only  on 
the  low-energy  beam. 

As  part  of  the  IR  design  procedure,  we  have  adopted  criteria 
against  which  any  proposed  design  is  tested.  For  example, 
we  design  for  an  aspect  ratio  of  a/a,  £  0.04.  This 
minimizes  the  potential  loss  in  luminosity  associated  with 
the  beams  being  tilted  at  the  IP.  Another  criterion  is  to  use 
a  “graded  aperture”  whereby  the  acceptance  at  the  IR  is  15a, 
that  in  the  adjacent  straight  sections  is  12.5a,  and  that  in  the 
arcs  is  10a.  This  ensures  that  particle  losses  will 
preferentially  occur  far  from  the  detector.  As  with  all  B 
factory  projects,  we  carry  out  extensive  studies  of  detector 
backgrounds  [4]. 


Fig.  1.  PEP-II  IR  layout  (anamorphic  plan  view). 


4.  R&D  PROGRESS  AND  PLANS 

R&D  activities  permit  us  to  verify  design  choices  and 
optimize  design  parameters.  Results  of  the  R&D  activities 
are  continually  folded  back  into  the  project  design. 
Examples  of  this  include  the  down-sampling  feature  added  to 


the  multibund)  feedback  system  [5],  the  detailed  calculations 
of  the  higher-order  mode  (HOM)  damping  and  thermal 
loading  of  the  RF  cavities  [6],  the  simplified  approach  to  the 
HER  vacuum  chamber  design  [7]  and  the  improved  support 
system  resulting  from  shortcomings  which  were  apparent 
from  our  mockup. 

4.1  Vacuum  System 

We  have  carried  out  extensive  photodesorption  studies  using 
the  VUV  ring  at  BNL  [8].  Initial  studies  used  copper  bars  to 
choose  acceptable  materials  for  the  chamber,  and 
subsequently  an  actual  chamber  was  studied  to  examine 
fabrication  and  cleaning  issues.  Chamber  production  is 
being  studied  in  detail  to  determine  optimum  fabrication, 
cleaning,  and  assembly  techniques.  We  are  also  preparing  a 
series  of  tests  on  the  pumping  speed  of  distributed  ion 
pumps  (DIPs)  to  optimize  the  pumping  cell  design  and 
verify  the  pumping  speed  of  our  chosen  configuration. 

The  status  of  this  work  [7]  is  that  materials  choices  have 
been  made  (C10100  copper  for  the  chamber  body  and 
C10300  copper  for  the  cooling  bar),  and  the  required 
photodesorption  coefficient,  r\  <,  2  x  IGF6,  has  been  achieved 
after  an  equivalent  PEP-II  photon  dose  of  only  25  A-hr.  A 
DIP  test  facility,  utilizing  an  actual  PEP  dipole,  has  been 
fabricated,  with  pumping  tests  to  be  completed  in  the  next 
few  months.  Over  70  m  of  arc  chamber  extrusions,  both 
dipole  and  quadrupole  chambers,  have  been  procured  along 
with  the  cooling  bar  extrusions.  The  chambers  meet 
tolerances  and  are  acceptable  in  all  respects.  Electron-beam 
welding  techniques  have  been  developed  for  attaching  the 
cooling  bar  to  the  chamber  body.  A  fixture  has  been  built 
which  bends  the  dipole  chambers  to  the  required  sagitta. 

In  the  next  six  months,  we  plan  to  use  the  prototype  HER 
extrusions  to  carry  out  a  realistic  fabrication  sequence  which 
will  result  in  a  complete  arc  cell  vacuum  assembly. 
Impedance  measurements  of  the  various  chamber  components 
will  also  be  performed. 

4.2  RF  System 

The  R&D  goals  of  the  RF  system  program  have  included 
fabricating  a  low-power  test  cavity  and  measuring  its  HOM 
properties.  In  addition,  tests  to  verify  the  efficacy  of  the 
proposed  waveguide  damping  scheme  have  been  carried  out, 
resulting  in  damping  of  the  most  dangerous  longitudinal 
HOM  (TM011)  to  Q  -  30  (compared  with  a  desired  reduction 
to  Q  <  70).  A  program  of  three-dimensional  thermal  and 
mechanical  stress  calculations  for  the  RF  cavity  has  been 
carried  out  in  collaboration  with  the  AECL  Chalk  River 
Laboratory  (CRL)  to  devise  a  suitable  cooling  scheme  for  the 
high-power  cavity  [9].  This  cavity  is  in  final  design  with 
fabrication  to  commence  soon.  A  high-power  test  stand  that 
will  be  used  for  the  cavity  tests  (150  kW  design  goal)  and 
window  tests  (500  kW  design  goal)  is  now  available, 
powered  by  a  500-kW  modified  PEP  klystron  retuned  to  476 
MHz.  These  tests  will  be  carried  out  in  the  upcoming  year. 
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Considerable  emphasis  has  been  placed  on  the  development 
of  an  RF  feedback  system  to  avoid  driving  coupled-bunch 
instabilities  with  the  fundamental  mode.  A  detailed 
simulation  model  of  the  RF  feedback  system  has  been  earned 
out  in  collaboration  with  CRL  and  the  results  are  very 
promising  [10].  The  design  of  a  1.2-MW,  476-MHz 
klystron  is  well  under  way,  with  materials  on  order  for 
fabrication,  and  full-power  testing  planned  in  the  next 
eighteen  months. 

4.3  Feedback  System 

The  feedback  system  R&D  in  the  past  year  has  concentrated 
on  optimizing  the  design  of  the  longitudinal  system.  In 
addition  to  carrying  out  simulations  with  realistic 
parameters,  actual  system  tests  have  been  perforated  with 
beam,  using  the  SPEAR  ring  at  SLAC  [11]  and  the 
Advanced  Light  Source  (ALS)  at  LBL.  These  measurements 
verify  that  the  system  performs  properly  and  understandably 
under  “combat”  conditions.  In  addition,  the  data  have 
allowed  us  to  verify,  in  detail,  the  validity  of  our  simulation 
package.  Our  simulations  have  shown  that  the  down-sampled 
design  is  both  simple  and  effective,  and  that  realistic  noise 
and  bunch-to-bunch  coupling  in  pickup  and  kicker  do  not 
degrade  system  performance.  At  the  present  time  a  full 
prototype  longitudinal  and  transverse  systems  are  being 
designed.  These  prototypes  will  be  installed  and  tested  at  the 
ALS  beginning  in  November  1993. 

4.4  Magnets  and  Supports 

In  the  past  year  we  have  completed  a  full-cell  hardware 
mockup  of  the  PEP-II  rings  and  performed  mechanical 
stability  and  alignment  tests.  Based  on  this  work,  we  intend 
to  modify  the  LER  support  structure  for  better  alignment 
line-of-sight.  As  mentioned,  the  vacuum  system  and  its 
supports  will  be  included  in  this  setup.  A  prototype  LER 
quadrupole  will  be  fabricated  and  measured  to  ensure  it  meets 
field-quality  requirements. 

5.  Summary 

Major  progress  has  been  made  on  the  PEP-II  design  in  the 
past  year.  Technical  uncertainties  have  been  successfully 
eliminated  and  no  significant  new  problems  have  been 
uncovered.  R&D  activities  are  also  well  under  way  and  have 
resulted  in  important  design  improvements.  The  issues 
being  studied  by  the  PEP-II  team  are  of  great  interest  to  the 
entire  new  generation  of  colliders  and  storage  rings,  including 
B,  d>,  r-charm  factories,  hadron  colliders  (SSC,  LHC)  and 
new  generation  light  sources. 

The  PEP-II  project  has  a  strong  design  team  combined  with 
an  excellent  site  from  which  to  mount  it.  We  are  looking 
forward  to  receiving  soon  the  go-ahead  to  begin  construction. 
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Abstract 

From  its  start-up  in  1989,  LEP  ran,  as  designed,  with 
4  bunches  per  beam  and  flat  orbits.  After  4  days  of  com¬ 
missioning  activity  in  October  1992,  the  regular  mode  of 
operation  became  8  bunches  per  beam,  thanks  to  a  hori¬ 
zontal  separation  scheme  of  the  “pretzel”  type.  Here  we 
describe  this  transition,  starting  from  the  final  stages  of 
the  machine  studies  which  preceded  it  and  concluding  with 
the  performance  achieved  by  the  end  of  1992  and  the  fac¬ 
tors  limiting  it.  Some  of  the  important  steps  were:  the 
redistribution  of  betatron  phase  advance,  minimisation  of 
tune-splits  between  the  beams,  chromaticity  changes,  re¬ 
duction  of  residual  separations  at  the  interaction  points 
when  running  for  physics  at  the  Z°  energy,  optimisation  of 
pretzel  separations  at  injection  and  in  collision,  and  equal¬ 
isation  of  the  bunch  currents.  A  number  of  changes  to 
operational  procedures  and  instrumentation  were  made. 
It  was  shown  that,  with  a  suitable  optics,  the  full  beam 
polarization  could  be  preserved  on  pretzel  orbits.  This  al¬ 
lowed  energy  calibration  by  resonant  depolarization  and  a 
measurement  of  the  energy  shift  on  pretzel  orbits. 

I.  LEP  Operation  with  Pretzel  Scheme 

Feasibility  studies  and  preparatory  machine  experi¬ 
ments  connected  with  the  LEP  pretzel  scheme  have  been 
described  in  previous  papers  [1,  2,  3].  Here  we  report  on 
the  final  commissioning  of  the  scheme  for  a  first  period  of 
physics  data-taking.  It  is  intended  to  become  the  regu¬ 
lar  mode  of  operation  of  LEP  from  now  on.  Considerably 
more  detail  can  be  found  in  [5]. 

In  1992  the  full  set  of  8  separators  was  available 
and  the  4  spare  arc  sextupoles  were  installed  in  non- 
experimental  straight  sections  to  allow  a  partial  compen¬ 
sation  of  the  tune-split  between  the  beams  due  to  imper¬ 
fections. 

The  low-emittance  (/ix  =  py  =  90°  in  the  arc  cells)  op¬ 
tics  used  throughout  the  year  was  designed  with  the  pretzel 
scheme  in  mind.  Some  preliminary  studies  [3]  were  made 
during  the  year  to  study  the  problems  of  injection  into 
8  bunches  per  beam,  energy  ramping  and  “squeezing”  to 
the  luminosity  optics  with  /3*  =  5  cm.  Then,  during  one 
week  of  intense  activity  in  October,  the  pretzel  scheme  was 
commissioned  as  the  regular  operational  mode  of  LEP  for 
the  last  4  weeks  of  the  1992  run.  The  break-even  point  in 
luminosity,  compared  with  the  previous  4-bunch  operation, 
was  reached  within  3  days. 

Figure  1  shows  the  configuration  of  electrostatic  sep- 
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Figure  1:  Schematic  layout  of  the  horizontal  electrostatic 
separators  for  the  pretzel  scheme  as  it  was  in  1992.  Local 
vertical  separation  bumps  are  used  at  the  8  IPs. 

arators  for  the  pretzel  scheme.  The  circumference  can  be 
divided  into  4  quadrants  between  the  experiments  (even- 
numbered  IPs),  each  containing  a  single  pretzel  bump  with 
horizontal  betatron  phase  advance  A nx  =  20  x  2tt  between 
the  two  separators.  Although  the  main  separator  pairs  are 
on  the  same  high  voltage  supplies  their  electrode  gaps  can 
be  remotely  adjusted  to  provide  some  independent  varia¬ 
tion  of  their  electric  fields.  (Two  additional  trim  separa¬ 
tors  have  now  been  installed  to  adjust  beam  separations 
independently  at  all  4  IPs  in  1993  (DW  in  [5]).) 

A.  Injection  and  Intensity  Limits 

While  filling  LEP  it  is  important  to  keep  the  indi¬ 
vidual  bunch  intensities,  If,,  approximately  equal.  This  is 
all  the  more  true  with  pretzels  when  different  values  of 
If,  can  generate  different  long-range  beam-beam  kicks,  re¬ 
sulting  in  each  bunch  having  its  own  closed  orbit,  tune 
and  tune-spread  depending  on  the  sequence  of  beam-beam 
kicks  it  experiences.  Unequal  intensities  also  generate  a 
richer  spectrum  of  coherent  beam-beam  modes  and  ex¬ 
tremely  complex  dynamic  behaviour  can  result. 

It  was  possible  to  fill  all  16  bunches  automatically: 
the  4  “normal”  bunches  on  one  SPS  supercycle  were  fol¬ 
lowed  by  4  interleaved  bunches  (displaced  by  C/8)  on  the 
subsequent  SPS  supercycle.  However,  for  technical  rea¬ 
sons,  the  bunch  current  equalisation  system  (used  regularly 
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with  kb  =  4)  could  only  act  on  4  bunches  of  each  beam. 
This  forced  us  to  adopt  tricky  strategies,  filling  one  set  of 
bunches  at  a  time,  which  become  increasingly  difficult  near 
the  intensity  limit  where  the  lifetime  is  reduced. 

To  identify  the  source  of  the  intensity  limits  at  injec¬ 
tion,  several  tests  were  done  with  the  separators  at  79  kV 
across  12  cm,  giving  pretzel  amplitudes  in  mid-arc  of  about 
9  mm.  With  a  single  beam  (e+  or  e-),  8  bunches  of 
lb  500  pA  could  be  accumulated.  With  two  beams  of 
4  bunches  crossing  at  the  IPs  (other  conditions  kept  iden¬ 
tical),  the  limit  was  around  /f,  ~  450  pA.  Both  of  these 
are  similar  to  the  limits  without  pretzel  orbits.  However 
when  4  electron  bunches  were  injected  against  4  positron 
bunches,  displaced  in  time  so  that  encounters  occurred  in 
mid-arc,  the  single  bunch  current  limit  fell  to  h  —  300  pA. 
Although  there  has  been  no  opportunity  for  detailed  study, 
the  limiting  mechanism  appears  to  be  the  coupling  of  the 
m  =  0  and  m  =  — 1  head-tail  modes,  as  it  is  with  kb  =  4, 
but  occurring  sooner  because  of  the  mid-arc  beam-beam 
encounters  acting  rather  like  an  additional  impedance. 

For  most  of  the  operational  period  the  separator  volt¬ 
age  was  set  to  90  kV  at  injection,  raising  this  limit  to 
325  pA.  Going  higher  could  lead  to  beam  loss,  probably 
due  to  the  significant  e+e-  tune-split  (typically  of  order 
0.01)  which  could  only  be  partially  controlled  with  what 
was  in  effect  a  single  sextupole  family.  In  addition  it  was 
necessary  to  adjust  the  chromaticities  as  a  function  of  pret¬ 
zel  amplitude  to  maintain  head-tail  stability. 

B.  Transition  to  Physics  Conditions 

Somewhat  surprisingly,  ramping  and  squeezing  16 
bunches  with  pretzel  or!  Its  posed  no  particular  problems 
with  the  low-emittance  optics.  Typically  the  separator 
voltage  was  ramped  linearly  from  90  to  120  kV  while  the 
beam  energy  changed  from  20  to  45.6  GeV.  However  the 
beams  were  very  sensitive  going  into  collision,  and  time 
had  to  be  spent  carefully  correcting  (e+e-  average)  or¬ 
bits  and  tunes  before  colliding  to  get  good  lifetimes  and 
background  conditions  in  the  experiments.  During  these 
adjustments  the  current  would  fall,  and  inequalities  among 
bunches  would  have  a  chance  to  set  in,  before  physics  con¬ 
ditions  were  declared. 

C.  Corrections  to  the  Optics 

At  both  20  and  45.6  GeV,  it  was  necessary  to  mea¬ 
sure  and  correct  the  phase  advance  errors  through  the  arcs 
which  would  otherwise  cause  non-closure  of  the  pretzels 
(JMJ  in  [5]).  This  was  done  using  the  multi-turn  acqui¬ 
sition  of  the  orbit,  from  which  the  phase  errors  could  be 
deduced  by  harmonic  analysis  to  an  accuracy  approaching 
1°.  Phase  advance  corrections  inside  each  pretzel  were  ap¬ 
plied  by  scaling  a  pre-matched  set  of  quadrupoles  around 
the  odd-numbered  IP  and  produced  exactly  the  intended 
efFect.  Compensating  phase  adjustments  to  keep  the  tune 
constant  were  applied  in  the  low-/3  insertions,  outside  the 
pretzels.  Typical  errors  were  up  to  12°  in  an  quadrant. 
Direct  correction  of  the  ^-functions  was  not  attempted. 


D.  Luminosity 

In  tests  at  the  end  of  a  fill  with  kb  =  4,  it  was  found 
that  simply  turning  on  the  pretzel  separators  to  120  kV, 
would  cause  the  measured  luminosity  to  drop  to  50-60% 
of  the  level  without  pretzels.  With  kb  =  8,  it  was  difficult 
to  reduce  the  separators  below  this  value  without  a  loss 
of  beam  lifetime.  Backgrounds  in  the  experiments  were 
perfectly  acceptable. 

Fine  “Vernier”  adjustment  of  the  vertical  beam  sepa¬ 
ration  at  the  IP,  recovered  some  15%  of  this  deficit.  As  ex¬ 
plained  above,  only  limited  horizontal  steering  was  possible 
(Figure  1)  by  varying  the  separator  gaps.  This  was  done 
around  two  IPs,  recovering  a  further  10%  of  the  missing 
luminosity,  but  with  the  complications  of  inter-dependent 
settings.  Finally  the  specific  luminosity  with  pretzels  was 
75%  of  that  without.  Non-symmetric  settings  around  IP8 
increased  the  luminosity.  The  vertical  settings  and  the 
pretzel  separator  gaps  were  left  at  their  optimum  during 
the  early  physics  runs. 

Attempts  were  made  to  reduce  the  separator  voltages 
during  some  pilot  physics  fills,  but  it  was  found  that  below 
115  kV  the  experimental  background  rose. 

A  programme  of  detailed  studies  by  experiment  and 
simulation  of  parasitic  beam-beam  effects  in  combination 
with  the  head-on  collisions  was  started  with  a  view  to  un¬ 
derstanding  the  energy-dependence  of  separation  require¬ 
ments  for  LEP2.  In  these  experiments  it  was  found  possible 
to  go  to  small  or  zero  separation  (for  sufficiently  low  /&)  by 
careful  adjustments  of  tunes,  orbit  and  vertical  separation. 
The  results  will  be  reported  elsewhere  [4]. 

E.  Electrostatic  Separators 

The  8  electrostatic  separators  ZX  are  unipolar  and 
operate  at  fields  ~  1  MV  in'1  across  gaps  of  12  cm.  In 
the  test  area  TAZ  (Figure  1),  both  separators  have  an  in¬ 
sulated  ground  electrode  for  current  and  spark  measure¬ 
ments.  Without  beam  the  spark  rate  of  the  separators  is 
negligible,  <  10-4h-1.  With  beam,  the  synchrotron  radia¬ 
tion  from  the  main  bends  dramatically  increases  the  spark 
rate  for  negative  polarity;  for  positive  polarity  it  remains 
acceptable  (WK  in  [5]). 

With  positive  polarity,  no  breakdowns  were  observed 
in  the  7  standard  separators  in  1370  hours.  Discharges 
were  detected  on  the  ground  electrode  of  the  special  TAZ 
separator  at  normally  distributed  breakdown  intervals  of 
1.9±0.1h.  At  45.6  GeV  some  30%  of  events  had  a  co¬ 
incident  HT  signal  indicating  a  discharge  across  the  gap. 
These  did  not  cause  any  beam  loss  or  “background  spikes” 
for  the  experiments. 

With  positive  polarity  sparks  are  only  produced  when 
the  ground  electrode  is  insulated.  We  therefore  believe  that 
the  the  screening  effect  of  the  positive  electrode  precents 
the  HT  insulators  from  being  charged  by  photoelectrons 
produced  by  synchrotron  radiation.  An  insulator  at  the 
ground  electrode  can,  however,  be  charged,  and  subsequent 
de-trapping  of  these  charges  may  trigger  breakdown.  For 
negative  polarity  the  photoelectrons  can  charge  the  HT 
insulators,  leading  to  breakdown. 
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Bunches  per  beam,  kb 

8 

4 

Units 

Average  I  at  20  GeV 

3.0 

mA 

Best  I  at  20  GeV 

3.8 

mA 

Average  I  into  physics 

KSl 

Best  I  into  physics 

Average  peak  L 

9 

8 

103Ocm"2s“l 

Best  peak  L 

11.5 

10 

103ocm-2s-1 

Typical  (y 

.025 

.035 

Best  iy 

.028 

.0375 

(L)  over  fill 

mm 

mrni 

Best  for  fills  >  6  hours 

W8k 

Fraction  of  fills  lost 

9  % 

40  % 

Table  1:  Comparison  of  performance  achieved  with  the 
pretzel  scheme  in  its  operation  so  far  (32  fills)  and  that 
achieved  in  the  last  141  fills  with  kb  =  4;  “Average”  means 
average  over  the  fills;  I,  the  sum  of  the  currents  in  both 
beams,  is  quoted  at  injection  energy  (20  GeV)  and  after 
ramping  and  “squeezing”  to  physics  conditions  with  /?*  = 
5  cm;  ( L )  denotes  the  average  luminosity  over  a  fill. 

F.  Performance  Summary 

Table  1  compares  average  and  peak  performances  be¬ 
tween  kj  =  8  and  kb  =  4. 

Although  the  total  current  brought  into  physics  condi¬ 
tions  has  increased  by  50  %,  the  25  %  drop  in  the  attainable 
beam-beam  tune  shift  results  in  only  a  10%  in  luminosity. 

The  number  of  fills  lost  fell  dramatically  in  comparison 
to  kb  —  4  operation.  Of  the  3  lost  only  1  was  for  unknown 
reasons.  With  kb  =  4,  about  half  of  the  losses  were  never 
explained.  The  difference  may  arise  from  the  value  of  Ib. 

II.  Polarization  with  Pretzel 

One  of  the  main  reasons  for  choosing  a  purely  hor¬ 
izontal  pretzel  separation  for  LEP  was  so  as  not  to  ex¬ 
clude  the  possibility  of  polarized  beams.  While  it  is  clear 
that  a  vertical  or  helical  separation  scheme  would  depo¬ 
larize  strongly  and  that  a  perfect  horizontal  scheme  would 
not,  it  was  difficult  to  demonstrate  that  residual  coupling 
would  not  be  enough  to  depolarize  the  beam.  Accordingly 
an  experimental  test  was  made  on  a  pretzel  optics  with 
/ix  =  90°,  py  =  60°,  with  the  results  shown  in  Figure  2. 
(It  had  not  been  possible  to  obtain  polarization  on  the 
regular  1992  optics.) 

Although  a  discrepancy  remains  between  prediction 
and  measurement  of  the  energy  shift  due  to  the  pretzel 
(JMJ  in  [5]),  this  result  opens  up  the  possibility  of  en¬ 
ergy  calibration  by  resonant  depolarization  in  conditions 
as  close  as  possible  to  those  of  physics  data-taking  and 
should  help  to  improve  the  precision  of  measurement  of 
the  Z-boson  mass  and  width. 

III.  Conclusions 

After  its  successful  start,  the  pretzel  scheme  must  now 
go  on  to  increase  the  luminosity  of  LEP. 

At  20  GeV  it  is  important  to  overcome  the  current  lim¬ 
itation.  An  increased  separation  should  be  feasible  with  a 


Figure  2:  Transverse  polarization,  P,  as  pretzel  orbits  were 
switched  on  and  then  off  again,  following  an  period  in 
which  the  polarization  was  allowed  to  rise  normally  with 
flat  orbits.  An  asymmetry  Ay  =  0.05  mm  corresponds  to 
a  polarization  level  of  10  %.  Resonant  depolarizations  (in¬ 
dicated  by  pairs  of  vertical  dashed  lines)  were  performed 
during  a  period  of  some  15-20  min,  at  the  end  of  the  exper¬ 
iment,  in  which  the  pretzel  separator  voltage  was  reduced 
from  its  maximum  back  to  zero. 

new  set  of  achromatic  sextupoles  which  will  provide  com¬ 
plete  control  of  the  the  e+e~  tune-split.  A  comprehensive 
bunch  equalisation  system  is  a  necessity. 

With  higher  currents,  the  requirements  for  control  of 
the  tunes  and  chromaticities  (to  keep  both  m  =  0  and 
m  =  1  head-tail  modes  stable)  become  more  stringent. 

Additional  separators  and  sextupoles  will  facilitate 
correction  of  the  defects  of  the  machine.  Reducing  the 
separator  fields  in  physics  under  carefully  controlled  con¬ 
ditions  will  help  to  reduce  the  effects  of  pretzel  orbits. 
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Abstract 

Beams  approaching  90  GeV  are  expected  in  LEP  in 
1995;  to  this  end,  192  superconducting  accelerating 
cavities  will  be  installed.  The  LEP  energy  upgrade  also 
requires  a  low-emittance  optics,  layout  modifications, 
new  machine  components,  powerful  cryoplants  and  a 
general  upgrade  of  the  LEP  infrastructure,  which  will 
have  to  distribute  and  cool  away  about  twice  the 
present  energy  requirements.  The  programme  was 
launched  in  December  1989  and  by  now  major  milestones 
have  been  achieved.  The  progress  achieved  in  the 
various  activities  are  presented,  with  the  aim  of 
providing  a  view  of  the  programme  goals  and  status. 

I.  INTRODUCTION 

The  LEP  collider  has  been  designed  [1]  to  allow  its 
upgrade  from  an  initial  energy  of  about  50  GeV  per 
beam  (Phase  1)  to  an  optimum  energy  near  to  90  GeV, 
the  ultimate  limit  being  set  at  125  GeV  by  the  magnet 
system.  To  run  LEP  at  high  energy  in  an  economical 
way,  352  MHz  SC  cavities  (SCC's)  have  been 
developed  [21  since  the  beginning  of  the  LEP  design. 
Various  schemes  [3]  for  the  energy  upgrading  by  adding 
SCC’s  were  worked  out;  the  one  retained  consists  of  32 
SCC's  added  to  each  of  the  LEP  Pts  2  and  6,  where  the 
copper  cavities  are  presently  installed,  and  of  the 
installation  of  64  SCC's  at  each  of  the  Pts  4  and  8, 
where  new  RF  accelerating  stations  are  being  created. 
A  pilot  project  for  the  installation  of  a  first  set  of  32 
SCC’s  at  the  LEP  Point  2  was  launched  in  1988.  In 
December  1989  a  programme  [4]  termed  LEP  200  was 
started,  aiming  at  upgrading  the  beam  energy  above 
the  W  pair  production  threshold. 

II.  Optics  and  lattice  modifications 

A  low-emittance  optics,  achieved  by  increasing  the 
phase  advance  in  the  arcs  from  60°  to  90°,  is  necessary 
to  maximise  luminosity  by  approaching  the  beam-beam 
limit.  In  this  way  a  luminosity  of  about  1.1  lO^cm-Zs1 
is  expected  around  87  to  90  GeV,  assuming  0.5m  A/bunch 
and  4  bunches  per  beam.  Such  an  optics  [5]  has 
successfully  been  used  for  regular  LEP  operation  during 
1992.  Furthermore  the  90°  optics  is  also  well  suited  for 
the  8-bunch  scheme  ("pretzel"  scheme)  also 
commissioned  in  1992  [6],  aiming  at  increasing 
luminosity  by  a  factor  two. 

A  number  of  geometry  modifications  of  the  original 
LEP  lattice  are  necessary  at  the  even  and  odd  points  of 
LEP,  because  of  quadrupole  magnets  running  out  of 
focusing  strength  above  65  GeV  and  because  of  an 
increase  in  length  of  the  SC  RF  cells,  due  to  the  longer 
length  of  the  SCC's  assemblies.  All  the  relevant 
studies  17]  have  been  completed,  the  layout  of  the  odd 


IP's  has  already  been  modified  during  the  1992/1993 
winter  shutdown. 

III.  THE  SC  ACCELERATING  SYSTEM 
3.1  SC  cavities 

The  SCC's  [8]  are  installed  in  LEP  as  4-units 
modules,  11.285  m  long.  The  first  set  of  32  SCCs,  at  Pt2, 
consists  of  eight  prototype  Nb  sputtered  cavities  (two 
modules)  made  at  CERN  and  24  Nb  sheet  cavities  (six 
modules),  out  of  which  four  are  prototypes  made  in 
1989,  and  20  are  series  units,  delivered  by  industry 
during  the  years  1991  and  1992.  For  these  cavities,  a 
nominal  gradient  of  5  MV/m  with  a  quality  factor  of 
3  lO^  was  specified. 

This  performance  has  been  achieved  and  exceeded 
by  the  Nb  sputtered  prototype  units  and  by  all  the  20 
series  Nb  sheet  SCC's,  the  last  of  which  has  been 
accepted  by  October  1992  (7  MV/m  have  consistently 
been  attained  with  Q  values  between  2  and  3  109).  The 
three  SCC  prototype  modules  operated  in  LEP  during 
1991  could  not  be  fully  conditioned  to  nominal 
performance  before  their  installation  because  of 
difficulties  that  were  later  traced  back  to  insufficient 
conditioning  of  the  power  couplers.  In  LEP  they  were 
run  with  beams  up  to  an  average  of  3.7  MV/m, 
delivering  a  total  voltage  of  up  to  76  MV.  Uneven 
excitation  of  the  four  SCC’s  of  a  module,  because  of 
geometry  tolerances,  has  been  overcome  by  the  design  of 
an  adjustable  power  coupler,  required  anyhow  for 
optimum  coupling  at  higher  beam  intensities.  The  RF 
conditioning  of  the  main  couplers  (MC’s)  has  turned  out 
to  be  a  key  step,  among  others,  in  view  of  achieving  the 
specified  performances.  To  ensure  efficient  and  safe 
conditioning,  the  MC's  have  been  fitted  with 
diagnostics  like  vacuum  gauges  and  electron  pick-up 
antennas.  Mastery  of  contamination  during  assembly  is 
as  another  key  issue;  contamination  monitoring 
techniques  as  used  for  the  production  of  VLSI  circuits 
are  at  present  being  used  at  CERN  to  gain  a  deeper 
insight  in  this  matter.  In  view  of  gaining  experience 
and  introducing  the  necessary  modifications,  the 
assembly  at  CERN  of  the  series  Nb  sheet  SCC  modules 
has  been  slowed  down;  the  first  module  of  this  kind, 
driven  at  5  MV/m  for  12  hours  during  lab  tests,  has  been 
installed  at  LEP  Pt2  this  April. 

LEP  Pts  6,  8  and  4  will  be  equipped  with  Nb 
sputtered  SCC  modules,  to  be  delivered  fully 
assembled  by  industry.  A  nominal  gradient  of  6  MV/m 
with  a  quality  factor  of  4  10^  has  been  specified  for 
this  type  of  SCC's.  At  the  time  of  writing  29  SC  bare 
cavities  (17%  of  the  total  quantity)  fulfilling  the 
specifications,  have  been  delivered  by  the  three 
manufacturers,  to  which  SCC's  and  module  delivery 
were  entrusted  by  contract  in  October  1990.  After  the 
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acceptance  test  at  CERN,  the  bare  SCC's  are  shipped 
back  to  the  manufacturers',  for  assembly  into  modules. 
The  measurement  of  the  first  module  delivered  by 
industry  shows  that  nominal  performance  has  been 
achieved  by  two  SCC's,  the  other  two  being  slightly 
below,  but  that  some  contamination  and  irregular 
patterns  in  the  LHe  distribution  to  the  HOM  couplers 
prevent  the  whole  module  from  being  conditioned  to 
nominal  performance.  These  difficulties  are  being 
corrected  and  there  is  confidence  that  by  September 
1993  two  Nb-film  modules  will  be  installed  at  LEP  Pt6. 

The  series  production  of  SCC  units  is  now  taking  off 
and  it  is  expected  to  be  completed  by  end  1994;  provided 
that  the  present  difficulties  with  SCC's  modules  are 
solved  in  the  next  months,  it  is  hoped  to  nearly 
complete  during  the  93-94  winter  shutdown  the 
installation  of  SCC  modules  at  Pts  2  and  6,  and  possibly 
install  a  few  module®  at  least  at  Pt  8. 

3.2  RF  power  and  control 

Twelve  new  RF  units  are  required  for  the  192  SCC's. 
Each  unit  consists  of  a  1 .3  MW  klystron  and  circulator, 
the  waveguide  distribution  system  and  22  racks  of 
electronics  for  the  controls,  low  and  high  power.  (The 
present  copper  system  consists  of  eight  RF  units.)  The 
contracts  for  klystrons,  circulators  and  waveguides 
have  been  adjudicated  in  September  1991,  the  end  of 
these  deliveries  is  expected  by  end  1993.  Control 
electronics,  RF  amplifiers,  power  meters,  temperature 
stabilised  fibre  optics  for  RF  reference  distribution  and 
associated  transmitting  equipment  have  also  been 
ordered  in  1991;  all  the  corresponding  deliveries  have 
been  completed. 

The  new  RF  units  at  Pts  2  and  6  are  ready,  the  four 
new  units  at  Pt8  will  be  completed  by  this  summer, 
those  at  Pt  4  will  become  available  during  1994. 

A  central  control  of  the  total  20  RF  units,  which  will 
be  available  in  1994,  will  be  ensured  by  a  global  RF 
control  system,  designed  to  adjust  synchrotron  tune  and 
to  keep  an  optimum  RF  balance;  this  system  is  already 
operational  [91  for  the  presently  available  accelerating 
cavities. 

3.3  Cryogenics 

At  each  of  the  even  LEP  Points  there  is  a  cryoplant 
[10]  with  an  initial  cooling  power  of  12  kW  at  4.5  K  and 
an  ultimate  one  of  18  kW.  These  cryoplants  consist  of  a 
surface  upper  cold  box  for  the  300  K  to  20  K  temperature 
range,  connected  by  vertical  transfer  lines  in  the 
machine  shafts  to  an  underground  lower  cold  box  for  the 
20  K  to  4.5  K  range.  The  corresponding  contracts  were 
adjudicated  in  December  1990;  their  execution  is 
progressing  close  to  the  contractual  planning,  i.e.  the 
cryoplants  at  Pts  6  and  8  have  been  installed  during 
the  last  five  months  and  are  now  being  commissioned. 
They  show  an  inverse  efficiency  (power  from  the 
grid/cooling  power  at  4.5  K)  better  than  230  W/W, 
which  is  the  best  ever  achieved.  The  cryoplants  at  Pts 
2  and  4,  at  present  being  installed,  will  be- 
commissioned  by  October  1993  and  February  1994, 
respectively. 

Two  6  kW  cryoplants  have  been  delivered  and  are 
at  present  routinely  operated.  One  has  been  installed 


underground  for  cooling  the  SCC's  at  Pt2  during  1992 
and  1993,  and  the  other  one  equips  the  SM18  cryogenic 
test  facility,  where  the  acceptance  tests  of  the  SC 
cavities  and  LHC  magnet  development  work  are  taking 
place. 

The  installation  of  the  He  transfer  lines  for 
supplying  the  SCC's  at  Pts  2,  6  and  8  has  been 
completed;  the  installation  c.  those  at  Pt4  will  take 
place  during  the  next  winter  shutdown.  The  delivery  of 
all  other  components  for  the  cryogt  nic  system  (e.g.  high 
and  low  pressure  storage  vessels,  piping  for  He  gas) 
will  be  completed  by  this  summer. 

IV.  COLLIDER  COMPONENTS  AND 
INFRASTRUCTURE 

4.1.  Magnets,  separators,  vacuum,  instrumentation, 
power  converters 

The  present  SC  quadrupoles  at  the  even  IP’s  will  be 
replaced  at  earliest  during  the  1993-1994  shut-down  by 
new  ones  [11],  having  the  same  outer  overall 
dimensions,  but  with  a  magnetic  field  gradient 
increased  from  36  to  55  T/m.  A  prototype  magnet  has 
successfully  been  tested  in  November  92  and  the  series 
production  has  started. 

The  24  steel-concrete  cores  of  the  original  injection 
dipoles  saturated  as  from  70  GeV  and  have  been 
replaced  by  classical  steel  laminated  cores  during  the 
92-93  shut-down. 

To  keep  sufficient  beam  separation  during 
acceleration  up  to  100  GeV,  two  additional 
electrostatic  separators,  identical  to  those  already  in 
operation,  will  be  added  at  each  of  the  even  IP's.  The 
vacuum  tanks  and  the  electrodes  for  these  eight  new 
separators  have  all  been  delivered,  their  assembly  is 
taking  place  at  CERN,  installation  is  foreseen  for  the 
94-95  shutdown. 

The  performance  of  the  vacuum  system  in  presence  of 
the  high  energy  synchrotron  radiation  has  been 
extrapolated  from  various  measurements  [12],  and  a 
beam-gas  lifetime  of  about  20  hours  is  expected.  The 
modifications  of  the  odd  and  even  IP’s,  and  that  of  the 
RF  straight  sections,  require  that  about  130  vacuum 
chambers  for  drift  spaces  and  quadrupole  magnets  be 
manufactured  or  modified.  The  aluminium  vacuun 
chambers  are  modified  at  the  CERN  workshops, 
whereas  the  stainless  steel  chambers  have  been 
ordered  to  industry.  The  odd  IP's  and  some  RF  straights 
at  Pt6  (total  length  about  2  km)  have  been  modified 
during  the  92-93  shut-down.  The  RF  cells  at  Pts  4  and  8 
(700  m),  and  the  even  IP's  (240m,  80  vacuum  chambers) 
will  be  modified  during  the  93-94  and  94-95  shutdowns. 
In  total  some  17  km  of  the  LEP  vacuum  system  will 
have  been  opened  to  air  and  baked  out  again.  The 
cooling  of  the  vacuum  system  is  likely  to  be  upgraded 
during  the  94-95  shutdown;  it  will  then  cope  with  up  to 
32  MW  of  synchrotron  power,  i.e.  1.6  kW/m  (electron 
and  positron  beams  of  6  mA  each  at  95  GeV  will  radiate 
about  28  MW  of  synchrotron  power).  This  cooling 
upgrade  will  be  achieved  by  changing  from  series  to 
parallel  the  water  flow  in  the  cooling  channels  of  the 
vacuum  chambers.  The  lead  shielding  along  the  beam 
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path  will  be  completed  at  about  2700  locations  also 
during  the  94-95  shutdown. 

The  major  modifications  to  the  beam 
instrumentation  equipment  concern  the  addition  or  the 
replacement  of  collimatorsll3],  to  cope  with  the  higher 
energy  deposition  by  synchrotron  radiation.  Out  of  the 
sixteen  collimators  in  the  arcs,  shielding  the  even  IP's 
from  off-momentum  particles  (the  absorbing  material 
has  changed  from  aluminium  to  tungsten)  eight  are 
already  installed  at  positions  compatible  with  the  90° 
optics.  To  shield  the  SC  cavities  from  synchrotron 
radiation,  sixteen  new  collimators  will  be  installed 
during  the  93-94  shutdown  at  the  outer  ends  of  the  RF 
straight  sections. 

The  original  magnet  power  converters  (PC's)  were 
designed  for  operation  up  to  65  GeV;  those  for  LEP  200 
are  foreseen  for  a  maximum  beam  energy  of  100  GeV.  For 
the  LEP  bending  magnets,  the  new  PC's  (2  x  9.7  MW) 
have  been  delivered  in  October  1991.  Because  of 
difficulties  with  the  new  large  thyristor  units,  their 
installation  has  eventually  taken  place  in  the  92-93 
shut-down.  All  the  magnet  PCs  are  now  ready  in  their 
LEP200  configuration;  their  total  number  has  increased 
from  758  to  868  units  and  the  installed  power  from  18  to 
50  MW.  Ten  new  klystron  power  converters  (40  A,  100 
kV),  identical  to  those  already  in  use  for  the  present 
RF  system,  are  necessary.  The  corresponding  contracts 
were  placed  in  March  1991,  their  delivery  was 
completed  this  March. 

4.2  Power  distribution,  cooling,  civil  engineering 

The  power  distribution  system  required  major 
extensions  at  Pt  2,  where  the  main  dipole  PCs  are 
located,  and  at  Pts  4  and  8,  where  the  new  RF  units  are 
situated  (4  x  4.2  MW  at  each  point).  The  cryoplants 
need  about  3  MW  from  the  grid  at  each  of  the  even 
points,  where  the  power  converters  (2  x  1.1  MW)  for 
the  arc  quadrupoles  are  also  situated.  Additional 
power  is  also  necessary  for  all  the  other  magnet  PC's, 
for  the  new  RF  units  at  Points  2  and  6,  for  cooling  and 
ventilation  and  other  services.  To  cope  with  these 
requirements,  50  MVA  power  links  (10  km  of  trenches) 
from  the  Prevessin  400  kV/66  kV  station  (where  a 
second  400  kV/66  kV,  110  MVA  transformer  has  been 
installed)  to  Points  4  and  8  have  been  realised  in  1991. 
Extensions  of  the  66  kV  substations  at  Points  2,  4  and  8 
with  new  38  MVA  transformers  are  operational  since 
this  April.  All  contracts  for  power  distribution 
equipment,  harmonic  filters,  reactive  power 
compensation,  HV  and  LV  switchgear  have  been 
completed.  To  cope  with  the  increase  in  power 
dissipation,  the  number  of  cooling  towers  has  been 
increased  from  four  to  six  at  Pts  2  and  6,  and  from  one  to 
five  at  Pts  4  and  8  (Pts  2  and  6  need  additional  cooling 
capacity  because  of  the  presence  of  the  copper  RF 
system  and  resistive  experimental  magnets).  Major 
extensions  of  the  air  and  water  cooling  facilities  are 
needed  at  Points  4  and  8,  because  of  the  new  RF  units. 
All  the  activities  related  to  the  cooling  system  will  be 
finished  by  June  1993. 

New  klystron  galleries  (2  x  2  x  230  m)  have  been 
excavated  at  Pts  4  and  8  for  housing  the  RF  units.  At 
Point  8,  the  UA83  and  UA87  galleries  are  completely 


equipped.  At  Pt  4  one  gallery  has  been  delivered  for 
installation  early  May,  the  second  one  will  follow  by 
early  June  93.  The  five  new  sound-proofed  compressor 
buildings  (5  x  600  m2)  are  in  service.  At  Pts  4  and  8  the 
extensions  of  the  rectifier  halls  (2  x  300  m2)  and  the 
water  pump  stations  (2  x  170  m2)  have  also  been 
delivered  to  schedule  and  are  already  equipped.  The 
twelve  new  cooling  towers  described  above  have  been 
made  out  of  concrete,  as  are  the  original  ones,  and  were 
delivered  by  December  92. 

V.  Summary 

A  high  energy  optics  for  LEP  is  well  in  hand.  The 
operation  of  three  prototype  SCC  modules  in  LEP 
during  1991  has  allowed  to  gain  precious  experience, 
necessary  for  improving  hardware  and  operational 
procedures.  Concerning  SCC’s  from  industry,  the 
transfer  of  know-how  and  the  begin  of  series  production 
have  required  about  two  years,  during  which 
development  of  power  and  HOM  couplers  has  been 
necessary  in  order  to  cope  with  the  anticipated  higher 
beam  intensities  of  up  to  1  mA/bunch  x  8  bunches/beam 
{14J.  All  activities  for  machine  components  and 
infrastructure  are  in  regular  progress. 

LEP  operation  at  beam  energies  above  the  W  pair 
production  threshold  is  foreseen  in  1995. 
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Abstract 

The  Stanford  Linear  Collider  was  designed  to  operate  with 
round  beams  [1];  horizontal  and  vertical  emittance  made  equal 
in  the  damping  rings.  The  main  motivation  was  to  facilitate 
the  optical  matching  through  beam  lines  with  strong  coupling 
elements  like  the  solenoid  spin  rotator  magnets  and  the  SLC 
arcs. 

Tests  in  1992  showed  that  ‘flat’  beams  with  a  vertical  to 
horizontal  emittance  ratio  of  around  1/10  can  be  successfully 
delivered  to  the  end  of  the  linac  [2].  Techniques  developed  to 
measure  and  control  the  coupling  of  the  SLC  arcs  [3]  allow 
these  beams  to  be  transported  to  the  Interaction  Point  (IP). 
Before  flat  beams  could  be  used  for  collisions  with  polarized 
electrons,  a  new  method  of  rotating  the  electron  spin 
orientation  with  vertical  arc  orbit  bumps  [4]  had  to  be 
developed. 

Early  in  the  1993  run,  the  SLC  was  switched  to  ‘flat’  beam 
operation.  Within  a  short  time  the  peak  luminosity  of  the 
previous  running  cycle  was  reached  and  then  surpassed.  The 
average  rfaiiy  luminosity  is  now  a  factor  of  about  two  higher 
than  the  best  achieved  last  year. 

In  the  follow  ing  we  present  an  overview  of  the  problems 
encountered  and  their  solutions  for  different  parts  of  the  SLC. 

I.  FLAT  BEAMS  IN  THE  DAMPING  RINGS 

The  SLC  was  designed  to  operate  with  ‘round’  beams 
where  horizontal  and  vertical  beam  emittance  are  equal  (£*=£yj. 

Electron/positron  storage  rings  naturally  produce  ‘flat’  beams 
where  ex»£y.  Round  beams  had  to  be  produced  by  operating 
the  SLC  damping  rings  on  the  linear  coupling  difference 
resonance: 

vxrvy=n  (1) 

With  round  beams,  the  horizontal  and  ',„rtical  tunes  in  the 
electron  and  positron  damping  rings  were  (vx,Vy)=(8.28)3.28) 
and  (Vx,  Vy)=(8.18,3.18).  Alignment  and  field  errors  in  the 
rings  resulted  in  a  resonance  width  of  roughly  Av=0.01.  The 
normalized  rms  emittances  were  ye^yef^  1.5xlO~5  m-rad. 

To  generate  flat  beams,  the  betatron  coupling  was  reduced 
by  separating  the  tunes  by  Av=0.2.  The  vertical  dispersion  due 
to  residual  errors  was  reduced  by  choosing  the  vertical  tune 
close  to  half  integer.  Currently,  the  electron  mid  positron  rings 
are  operating  with  horizontal  and  vertical  tunes  of  (8.28,3.43) 
and  (8.18,3.38),  respectively.  The  difference  between  the 
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electron  and  positron  ring  tunes  is  historical.  For  normal  SLC 
operation,  simply  splitting  the  horizontal  and  vertical  tunes  is 
sufficient;  producing  beams  with  normalized  rms  emittances  of 
)Ex=3xlO-5  m-rad  and  )Cy=0.3xl0~5  m-rad. 

The  vertical  emittance  could  be  reduced  further  with  more 
sophisticated  coupling  and  dispersion  correction.  However,  in 
the  electron  damping  ring,  the  beam  is  stored  for  only  2.4 
damping  times  and  thus  the  extracted  vertical  emittance  is 
limited  by  the  injected  emittance.  Emittance  dilution  in  the 
bunch  compressor  after  the  damping  rings,  where  the  bunch 
length  is  compressed  from  roughly  10mm  to  1mm,  prevents 
the  realization  of  significant  improvements. 

Further  reduction  of  the  vertical  emittance  was  achieved 
during  an  experiment  in  1992  where  the  electron  damping  ring 
was  operated  with  a  longer  store  time  (and  lower  beam 
repetition  rate).  Vertical  orbit  bumps  through  the  sextupoles 
were  used  to  correct  the  betatron  coupling  and  vertical  orbit 
bumps  in  the  insertion  quadrupoles  to  correct  the  vertical 
dispersion.  With  these  bumps,  the  vertical  rms  emittance  was 
reduced  to  yey  <=0.05xl0~5  m-rad,  a  1.7%  emittance  coupling 
ratio. 

Under  typical  SLC  operating  conditions  both  the  election 
and  positron  vertical  emittance  at  linac  injection  (after  the 
bunch  compressors)  are  7«y=0.4xlCL5  m-rad.  The  horizontal 
emittances  are  >Ex=3.6x10_5  m-rad.  These  values  are  quite 
stable  with  fluctuations  primarily  arising  from  orbit  changes 
in  the  bunch  compressor  which  generate  vertical  dispersion. 

II.  FLAT  BEAMS  IN  THE  LINAC 

The  acceleration  of  both  bunches  (e-  and  e+)  in  the  linac 
from  1.19  to  47  GeV  requires  precision  measurements,  tight 
component  tolerances  and  operational  controls  to  maintain  the 
10  to  1  emittance  ratio  of  the  compressed  damping  ring  beams. 

Emittance  measurements  are  made  at  three  locations  along 
the  linac  (at  1.2,  15,  and  47  GeV)  using  three  sets  of  four 
wires  scanners.  The  resolution  for  the  normalized  emittance  is 
0.05-0.  lxlO-5  m-rad.  Typical  vertical  rms  beam  sizes  at  47 
GeV  are  35  to  60  pm. 

The  required  alignment  tolerances  are  tight:  the  quadruple 
rolls  are  corrected  to  0.1  mrad,  the  quadrupoles  and  the  beam 
position  monitors  are  aligned  to  better  than  100  pm,  and  the 
accelerating  structures  are  aligned  to  about  300  microns  (all 
rms).  The  linac  support  girders  are  mechanically  clamped  to 
reduce  component  vibration  [5]  to  below  100  nm. 

Transverse  wakefield  damping  (BNS)  is  used  in  the  first 
two-thirds  of  the  linac  to  control  emittance  growth  from  beam 
trajectory  jitter.  Klystron  phasing  with  an  accuracy  of  0.5 
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degrees  produces  a  small  energy  spread  (0.3  %  tins)  at  47  GeV. 
Along  the  linac,  eight  transverse  feedback  groups  (x,x',y,y'  for 
two  bunches)  maintain  the  trajectory  to  about  SO  pm  with  an 
update  rate  of  30  HZ. 

Finally,  the  emittance  growth  from  residual  dispersion  and 
wakefield  effects  is  reduced  by  cancellation  using  "trajectory 
bumps"  along  the  linac[6].  The  transverse  feedbacks  are  used 
to  generate  and  close  these  bumps.  They  are  tuned  to  control 
emittance  and  beam  tails  throughout  the  linac.  About  8  to  12 
bumps  are  in  use  at  any  given  time  with  amplitudes  of  order 
100-200  pm  and  lengths  of  200  to  800  m.  Most  of  these 
bumps  are  reasonably  stable  over  several  weeks,  however,  fine 
tuning  (10%)  is  often  done  to  track  hourly  and  diurnal  changes. 
For  vertical  emittances  of  the  order  of  0.5x1 0-5  m-rad,  bump 
control  at  the  25  pm  level  is  needed. 

Emittance  and  Twiss  parameters  in  key  parts  of  the 
accelerator  are  measured  automatically  by  the  SLC  control 
system  every  30  minutes  and  recorded  in  long  term  history 
buffers  for  analysis  as  seen  in  Figure  1. 


Figure  1.  Horizontal  (upper)  and  vertical  (lower)  invariant 
emittances  for  positrons  as  a  function  of  time  (March  1st  to 
May  1st,  1993)  at  47  GeV.  The  beams  were  made  flat  for 
collisions  on  March  17.  The  variations  with  time  come  from 
changing  accelerator  conditions  and  emittance  optimization  by 
the  accelerator  operators. 


We  observe  from  this  data  that  a  vertical  invariant 
emittance  in  the  range  of  0.5-0.8xl0-5  m-rad  can  be 
maintained  over  long  times  during  collisions  at  3xl010 
particles  per  bunch  with  25  to  100%  enlargement  along  the 
linac.  The  horizontal  emittance  can  be  maintained  at  4.0- 
6.0x1 0-5  m-rad  with  20  to  50%  increase  along  the  linac. 

During  tests  in  1992,  vertical  emittances  of  about 
0.15X10-5  m-rad  have  been  produced  at  47  GeV  at  low  beam 
intensity  (lxlO10)  and  long  store  time  in  the  damping 
ring  [2], 

III.  Flat  beams  in  the  collider  arcs 

The  SLC  Collider  Arcs  were  designed  with  rolled 
achromatic  sections  to  follow  existing  terrain  elevations  of  the 
SLAC  site  [1].  In  the  presence  of  optical  errors,  the  rolls 
generate  coupling  and  vertical  emittance  growth  due  to 
synchrotron  radiation.  A  well  tested  and  refined  optical 
correction  algorithm  [3]  has  been  developed  which  measures 
and  cancels  both  the  net  coupling  and  the  local  coupling  in  the 
arcs  to  within  design  tolerances.  This  is  aided  by  an  early 
hardware  modification,  known  as  ‘rollfix’,  which  distributes 
the  roll  transitions  over  several  magnets  [7]  to  improve  the 
coupling  cancellation  in  the  presence  of  phase  errors  and  also 
reduce  the  vertical  emittance  growth  due  to  synchrotron 
radiation.  Table  1  below  summarizes  the  expected  normalized 
emittance  increase  due  to  the  synchrotron  radiation  of  a  perfect 
arc,  with  and  without  "rollfix”,  in  both  planes  for  each  arc. 


1  e-  Arc 

e+  Arc  | 

yAe  [10~5  m-rad] 

X 

Y 

X 

Y 

with  out  rollfix 

1.22 

0.25 

1.19 

0.27 

with  rollfix 

1.30 

0.07 

1.13 

0.12 

Table  1.  Synchrotron  radiation  emittance  growth  (10~5  m-rad)  per 
plane  of  each  arc  before  and  after  the  implementation  of  "rollfix". 

With  this  emittance  growth  and  the  full  4x4  measured  arc 
transfer  matrix,  the  flat  beam  emittance  dilution  in  the  arcs 
was  estimated  to  be  s20%.  For  incoming  vertical  linac 
emittances  of  -0.5x10  5  m-rad,  the  importance  of  the  “rollfix” 
improvement  is  clear.  In  practice,  the  actual  transport  of  flat 
beams  through  the  arcs  required  little  or  no  additional  coupling 
correction  beyond  that  already  applied  for  round  beams.  The 
beam  emittances  at  the  end  of  the  arcs  were  measured  [12]  and 
found  consistent  with  the  emittance  growth  cited  above. 

A  new  important  achievement  for  flat  beam  running  was 
the  use  of  the  north  collider  arc  as  a  spin  rotator  by  taking 
advantage  of  the  strong  resonance  between  the  spin  tune  and 
the  vertical  betatron  tune.  A  novel  method  was  developed  to 
perform  arbitrary  spin  vector  rotations  with  closed  vertical 
betatron  oscillations  [4],  This  method  was  very  successfully 
tested  and  implemented  early  in  1993  so  that  the  RTL  and 
linac  solenoid  spin  rotator  magnets  remained  turned  off  for  the 
entire  1993  luminosity  run.  If  these  solenoids  were  still  used 
for  the  spin  handling,  a  significant  amount  of  new  hardware  (8 
skew  quads)  and  new  tuning  techniques  would  have  been 
necessary  to  compensate  for  the  beam  rotations  and  preserve 
beam  emittance. 
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IV.  FLAT  BEAMS  IN  THE  FINAL  FOCUS 
Several  new  problems  arise  when  considering  the 
measurement  and  tuning  of  flat  beams  in  the  SLC  Final  Focus 
Systems.  Beam-beam  deflections  [9]  used  to  measure  IP  beam 
sizes  and  luminosity  have,  in  the  past,  been  fitted  with  a 
simplified  round  beam  deflection  curve.  Fitting  this  curve  to 
data  from  flat  beam  deflections  (for  present  SLC  parameters) 
produces  a  systematic  underestimation  of  the  luminosity  of  up 
to  25%.  A  correct  flat  beam  deflection  fit  was  developed  to 
more  accurately  measure  beam  sizes  and  luminosity.  Fig.  2 
shows  a  vertical  deflection  scan  and  the  fitted  quadratic  sum  of 
the  tr  and  e+  vertical  beam  sizes. 


Fig  2.  Flat  beam-beam  vertical  deflection  scan  which  measures  the 
quadratic  sum  of  the  e~  and  e*  vertical  beam  sizes.  The  individual 
vertical  beam  sizes  are  <0.9  pm.  The  horizontal  beam  sizes  (not 
shown)  are  typically  2.2-2.5  pm. 

To  correct  residual  coupling  at  the  IP,  each  Final  Focus 
employs  just  two  skew  quadrupoles.  This  is  sufficient  for 
equal  emittances,  but  for  a  general  solution  four  skew 
quadrupoles  are  necessary.  By  comparing  a  model  of  the  linear 
optics  of  the  combined  arcs  and  final  focus  systems  with  the 
measured  4x4  arc  transfer  matrices,  the  existing  Final  Focus 
coupling  correction  was  found  to  be  adequate  given  the  small 
residual  arc  coupling. 

Third  order  optical  calculations  were  required  to  determine 
the  optimal  IP  beam  divergences  (0*)  fra'  each  plane.  For  round 
beams  and  0.3%  rms  uniform  energy  spread  the  minimum 
beam  size  is  achieved  with  a  divergence  of  -300  prad  rms  in 
both  X  and  Y.  For  present  SLC  flat  beams  (ex/ey  @IP  = 

6.0/0.6  xlO”5  m-rad),  the  optimal  divergences  are  350  prad  in 
X  and  1 10  prad  in  Y.  This  optics  was  established  for  flat  beam 
collisions. 

Beam-beam  disruption  is  estimated  to  contribute  about 
10%  [10]  to  luminosity  with  present  SLC  beam  parameters 
(3xl010  particles  per  bunch,  az  -  0.75  mm).  An  upgrade  of 
the  final  focus  optics  is  scheduled  for  completion  before  the 
1994  SLC/SLD  physics  run.  The  new  optics  will 
substantially  reduce  the  limiting  third  order  aberrations  and 
allow  a  smaller  fiy*  (~lmm)  at  an  optimal  vertical  IP  beam 
divergence  of  245  prad.  With  these  parameters,  a  vertical 
beam  size  of  350  nm  is  expected  [11].  This  will  increase 
luminosity  by  a  factor  of  2.4  from  geometry  alone,  with  an 


additional  40%  expected  from  the  beam-beam  pinch 
enhancement  [10]  (3.5xl010  particles  per  bunch,  az  =  0.6 
mm)  giving  a  total  improvement  factor  of  3.5. 

V.  CONCLUSIONS 

Operating  the  SLC  with  flat  beams  has  been  very 
successful.  The  average  luminosity  doubled  from  1.7X1029 
cm‘2-sec_1  (18  Zo/hr)  with  round  beams  to  3.0x1 029  cm‘2- 
sec-1  (32  Zo/hr)  with  flat  beams.  Operational  problems  were 
modest  and  the  improvement  was  achieved  within  a  few  days. 
Peak  luminosities  beyond  40  Z’s/h  have  been  observed.  At 
present,  the  integrated  luminosity  has  reached  a  total  of 
-20,000  Zo’s,  nearly  doubling  the  entire  1992  round  beam  nm 
with  11,000. 

Spin  manipulation  in  the  arcs  has  been  successful  and 
stable;  the  electron  polarization  at  the  IP  is  currently  averaging 
>60%. 
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Abstract 

The  Damping  Ring  is  designed  to  provide  the  accumulation, 
cooling  and  extraction  of  electron  and  positron  beams  at  en¬ 
ergy  of  510  MeV  with  the  particle  production  rate  2  x  1010 
per  second  for  injection  into  ^-factory  and  (after  additional 
acceleration)  B-factory.  The  lattice  consists  of  four  symmetri¬ 
cal  quadrants.  The  magnetic  field  polarity  doesn’t  change  by 
changing  the  particle  sort.  To  provide  a  short  bunch  length 
(<r  ~  5  mm)  two  warm  cavities  of  800  kV  total  RF  voltage  are 
used.  The  single  turn  injection  scheme  with  the  orbit  bump  and 
horizontal  kick  is  used.  In  this  report  the  general  parameters 
and  features  of  the  Damping  Ring  are  presented.  The  state  of 
the  ring  design  and  construction  is  discussed. 

1  INTRODUCTION 

The  study  and  design  of  new  generation  electron-positron 
colliders  with  ultra  high  luminosity,  and  B-factories  are 
carried  out  presently  in  Novosibirsk  [1,2,3].  These  new  fa¬ 
cilities  will  require  a  large  intensity  of  injected  beams.  The 
new  injection  complex  constructed  now  in  BINP  should 
solve  this  task.  It  will  deliver  electron  and  positron  beams 
with  the  production  rate  2  x  1010  particles  per  second  with 
energy  of  510  Mev  for  injection  into  the  ^-factory  and, 
with  maximum  energy  of  8.5  Gev  for  injection  into  the  B- 
factory.  The  injection  complex  includes  the  e"  -  e+  linac 
at  energy  of  510  MeV  [3],  the  Damping  Ring  of  the  same 
energy  and  main  linear  accelerator.  After  acceleration  in 
the  linac  the  electron  and  positron  beams  are  accumulated 
alternately  in  the  Damping  Ring.  They  are  cooled  there 
due  to  SR  damping,  decreasing  transverse  and  longitudinal 
sizes,  and  are  extracted  from  the  Damping  Ring  for  injec¬ 
tion  into  ^-factory  or  the  acceleration  up  to  the  maximum 
energy  8.5  GeV.  A  short  description  of  the  Damping  Ring 
project  for  this  program  is  presented  in  this  report. 

2  GENERAL  PARAMETERS 

The  electron-positron  linac  produces  short  particle  bunches 
with  repetition  frequency  of  50  Hz.  In  the  case  of  positrons 
a  number  of  particles  in  each  bunch  is  small,  and  many 
bunches  have  to  be  accumulated  to  achieve  the  required 
intensity.  The  electron  and  positron  beams  are  injected  in 
the  ring  by  two  different  transfer  lines.  Polarity  of  ring 
magnets  is  not  changed,  so  the  electrons  and  positrons  are 


Figure  1:  The  Damping  Ring  layout 


injected  in  opposite  directions  at  the  opposite  straight  sec¬ 
tions.  The  energy  of  accumulator  is  not  changed  at  oper¬ 
ation.  The  basic  mode  of  operation  includes  an  iqjection 
of  40  positron  pulses  in  the  same  bucket,  cooling  them  due 
to  SR  damping  and  extraction.  One  cycle  duration  is  1  s. 
It  is  possible  to  increase  the  extraction  frequency  up  to 
4  Hz.  To  decrease  the  horizontal  betatron  damping  time 
the  redistribution  of  horizontal  and  longitudinal  dampings 
is  provided  by  the  use  of  bending  magnets  with  field  gra¬ 
dient  (lattice  with  combined  functions).  It  allows  to  reach 
the  horizontal  betatron  damping  time,  which  determines 
the  injection  efficiency,  two  times  smaller  than  the  injec¬ 
tion  period.  At  the  gradient  of  bending  magnets  equal  to 
4  T/m  the  horizontal  damping  portion  number  is  approx¬ 
imately  equal  to  the  longitudinal  one,  Gh  —  G,  ~  1.53. 
The  basic  parameters  of  the  Damping  Ring  are  presented 
in  Table  1.  The  disposition  of  the  accumulator  and  transfer 
lines  are  shown  in  Figure  1. 

3  LATTICE  AND  MAGNETS 
The  lattice  of  the  Damping  Ring  is  symmetrical  relatively 
two  axes  passing  through  the  centers  of  short  and  long 
straight  sections  and  consists  of  four  quadrants.  Each 
quadrant  includes  the  basic  magnets  and  correctors  with 
DC  feeding  and  the  group  of  pulsed  magnets,  which  pro¬ 
vide  a  beam  extraction.  One  quadrant  includes  two  bend¬ 
ing  magnets  and  seven  quadrupoles.  The  lattice  design 
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Figure  2:  Betatron  and  dispersion  functions 

provides  the  zero  dispersion  function  in  the  straight  sec¬ 
tions  and  the  horizontal  betatron  phase  advance  between 
two  kickers  equal  to  *r.  The  betatron  and  dispersion  func¬ 
tions  of  one  quadrant  are  shown  in  Figure  2.  The  param¬ 
eters  of  the  Damping  Ring  magnets  are  given  in  Table  2. 
Two  families  of  sextupoles  for  the  vertical  and  horizontal 
chromaticity  correction  are  used.  They  are  placed  sym¬ 
metrically  between  bending  magnets.  Each  family  includes 
eight  sextupoles. 

4  RF  SYSTEM 

The  RF-system  is  designed  to  solve  the  next  tasks:  1) 
capture  of  the  electron  and  positron  bunches  coming  from 
the  linac;  2)  compensation  of  the  energy  loss  caused  syn¬ 
chrotron  radiation  (5.3  keV /turn);  3)  formation  of  the  short 
bunches  for  injection  in  the  4-factory  and  the  main  linac. 

The  RF  frequency  has  been  chosen  equal  to  700  MHz, 
what  corresponds  to  the  64-th  harmonic  of  a  revolution  fre¬ 
quency.  To  obtain  the  short  length  of  bunches  (<r  =5  mm) 
the  RF-system  with  high  voltage  has  to  be  used.  For 
longitudinal  coupling  impedance  of  the  vacuum  chamber 
{Zn/n)  ~  1  Ohm  and  for  the  given  bunch  length  the  cal¬ 
culation  determines  the  required  RF  voltage  of  800  kV.  In 
this  case  the  longitudinal  acceptance  of  the  accumulator 
dE/E  is  equal  to  2.3%,  what  provides  a  sufficient  bucket 
height  to  capture  the  linac  pulses.  The  energy  spread  of 
injected  positrons  has  been  designed  equal  to  ±  0.01.  The 
energy  spread  of  incoming  electrons  is  smaller.  Two  warm 
cavities  should  provide  the  required  RF-voltage.  The  pa¬ 
rameters  of  the  RF-system  are  given  in  Table  3. 

5  INJECTION  AND  EXTRACTION 

There  are  two  identical  injection  and  extraction  systems 
for  the  two  sorts  of  particles.  A  vertical  20°  Lambertson 
type  septum  with  a  constant  magnetic  field  and  two  kick¬ 
ers  with  horizontal  kick  are  used  for  the  injection.  Both 
kickers  are  placed  symmetrically  relatively  to  the  center 
of  long  straight  section.  The  first  kicker  pushes  the  accu¬ 
mulated  bunch  to  the  septum  magnet  edge.  At  the  same 
time  the  linac  bunch  appears  on  the  other  side  of  the  sep- 


Table  1:  The  Damping  ring  parameters 


Energy  (MeV) 

510 

Circumference  (m) 

27.401 

Number  of  particles 

2  x  1010 

Beam  current  (mA) 

35.5 

RF  frequency  (MHz) 

700 

injection  frequency  (Hz) 

50 

extraction  frequency  (Hz) 

1-4 

Energy  loss/turn  (keV) 

5.3 

Momentum  compaction 

0.028 

Horizontal  tune  i/t 

4.78 

Vertical  tune  v. 

2.86 

Synchrotron  tune  v. 

.021 

Horizontal  chromaticity  Sx 

-7.66 

Vertical  chromaticity  S, 

-4.94 

Horizontal  damping  time  (ms) 

11.3 

Vertical  damping  time  (ms) 

17.5 

Longitudinal  damping  time  (ms) 

11.9 

Horizontal  r.m.s.  acceptance  (mrad  cm) 

10 

Vertical  r.m.s.  acceptance  (mrad  cm) 

4 

Input  beam  parameters: 

Horizontal  r.m.s.  emittance  (mrad  cm) 

1.5 

Vertical  r.m.8.  emittance  (mrad  cm) 

1.5 

Energy  spread 

0.01 

Output  beam  parameters: 

Horizontal  r.m.s.  emittance  (/rrad  cm) 

2.3 

Vertical  r.nu.  emittance  (/irad  cm) 

0.5 

Energy  spread 

0.0007 

Bunch  length  (cm) 

0.5 

Table  2:  Parameters  of  magnets 


Bending  magnet 


Number 

8 

Field  strength*  (T) 

1.52 

Field  gradient  (T/m) 

4.0 

Magnetic  length  (m) 

0.88 

Gap  height*  (mm) 

36 

Quadrupoles 

number 

Insc.  radius 

Gradient 

Length 

mm 

(T/m) 

m 

FI 

8 

30 

22.67 

0.18 

D1 

4 

30 

-10.88 

0.18 

F2 

4 

30 

20.31 

0.18 

D2 

4 

40 

-5.64 

0.20 

F3 

4 

40 

14.17 

0.20 

D3 

4 

40 

-15.13 

0.20 

*  —  at  the  central  orbit 
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Table  3:  RF  parameters 


RF  frequency  (MHz) 

700 

Harmonic  number 

64 

Total  voltage  (kV) 

800 

Synchrotron  tune  v. 

.021 

RF  power  (kW) 

70 

Energy  loss/turn  (keV) 

5.3 

Energy  acceptance  dE/E 

0.023 

Number  of  cavities 

2 

Quality  factor 

21000 

Beam  current  (mA) 

35.5 

X(CH) 


Figure  3:  Beam  layout  at  the  injection 


turn  edge,  which  makes  the  linac  bunch  travel  parallel  to 
the  accumulated  bunch.  The  betatron  oscillations  are  can¬ 
celed  by  a  kicker  downstream  of  the  injection  septum,  so 
the  accumulated  bunch  follows  again  the  central  orbit,  a 
new  bunch  has  small  betatron  oscillations.  The  horizontal 
betatron  phase  advance  between  kickers  is  equal  to  x.The 
injection  is  repeated  after  approximately  double  damping 
time  of  the  horizontal  betatron  oscillation.  After  several 
injections  an  extraction  takes  a  place,  using  the  same  sep¬ 
tum  m*',aet.  \  pair  of  pulse  correctors  displaces  a  closed 
orbit  to  be  e  .ge  of  the  septum  magnet  and  the  fast  kicker 
extracts  the  bunch  from  the  Damping  Ring.  Then  new 
injection  again  takes  a  place.  Each  kicker  consists  of  two 
110  cm  length  plates,  each  of  them  provides  a  60  kV  pulse. 
The  expected  full  rise  and  fall  times  are  equal  to  80  ns, 
what  is  less  than  a  revolution  period.  The  injection  and 
extraction  kick  instabilities  are  less  than  1%.  The  beam 
layout  at  the  injection  is  shown  in  Figure  3  . 

6  BEAM  TRANSFER  LINE  FROM  LINAC  TO 
DAMPING  RING 

To  transfer  the  electron  and  positron  beams  from  linac  to 
the  Damping  Ring  two  different  transfer  lines  are  used  (see 
Figure  1).  After  the  linac  the  positron  bunch  has  rather 
large  energy  spread,  so  to  have  an  effective  injection  one 
should  decrease  it.  Taking  into  account  a  small  bunch 
length  the  transformation  in  the  longitudinal  phase  space 
have  been  suggested  for  use  before  injection.  In  this  case 


1 


2  -  ring  nagnet 

3  -  septum  magnet 

Figure  4:  Beam  transfer  to  the  Damping  Ring 

during  movement  in  a  specially  designed  beam  line  the 
bunch  length  increases  due  to  energy  spread,  what  pro¬ 
duces  the  energy  modulation  along  the  bunch  length.  The 
downstream  linac  type  accelerator  section  is  used  to  cancel 
this  modulation  that  decreases  the  initial  energy  spread  of 
the  bunch.lt  is  possible  to  vary  the  energy  modulation  of 
the  bunch  length  over  a  wide  range.  Specially  designed 
three  20°  vertical  magnets  together  with  the  septum  mag¬ 
net  produce  the  achromatic  beam  transfer  from  the  trans¬ 
fer  line  to  the  Ring  (see  figure  4.  To  separate  the  electron 
and  positron  beams  an  input  dipole  magnet  is  used.  For 
a  change  of  particle  sort  from  positrons  to  electrons  it  has 
to  be  switched  off. 

7  STATUS 

At  present  time  the  design  of  magnets  and  cavities  of  the 
Damping  Ring  is  finished,  the  prototypes  of  magnets  are  in 
the  production.  By  the  end  of  this  year  the  construction 
of  the  building  for  the  Damping  Ring  housing  has  to  be 
finished. 
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. .  stract 

We  describe  a  possible  replacement  for  the  SLC  damp¬ 
ing  rings  that  would  generate  beams  with  normalized  hori¬ 
zontal  emittances  of  =  9x  10-6  m-rad  when  uncoupled; 
this  is  more  than  three  times  smaller  than  that  generated 
by  the  current  rings.  The  primary  difference  between  the 
new  design  and  the  current  ring  is  the  arc  cell  structure;  the 
insertion  regions,  the  kickers,  and  the  RF  are  essentially 
unchanged.  The  new  cell  uses  a  single  combined  func¬ 
tion  bending  magnet,  roughly  70  cm  in  length,  to  replace 
the  two  bends,  defocusing  quadrupole,  and  defocusing  sex- 
tupoles  in  the  current  FODO  cell;  the  focusing  quadrupole 
and  sextupoles,  used  in  the  current  cell,  are  also  used  in 
the  new  structure.  The  length  of  the  new  cell  is  identical 
to  that  of  the  current  cell  and  thus  nine  of  these  new  cells 
would  simply  replace  the  nine  FODO  cells  in  each  arc  of 
the  rings. 

Introduction 

In  this  paper,  we  will  describe  a  possible  replacement 
for  the  Stanford  Linear  Accelerator  (SLC)  damping  rings. 
The  SLC  damping  rings  [1]  are  very  compact  storage  rings, 
operating  at  1.19  GeV  with  a  circumference  of  35.28  me¬ 
ters.  They  have  transverse  damping  times  of  3.5  ms  and 
equilibrium  rms  emittances  of  7<x  =  3x  10" 8  m-rad.  The 
rings  are  composed  of  18  FODO  bending  cells  plus  two 
insertion  regions  for  injection/extraction,  kickers,  and  RF. 

Although  the  equilibrium  emittance  of  the  SLC  damp¬ 
ing  rings  is  very  small,  given  the  recent  performance  of  the 
SLC,  we  can  consider  the  possibility  of  transporting  even 
smaller  emittances  to  the  IP  [2].  The  minimum  emittance 
at  the  IP  is  set  by  the  synchrotron  radiation  emittance 
growth  through  the  SLC  arcs.  In  normalized  units,  this 
is  roughly  7ex  «  1.3  x  10~8  and  7 cv  ss  0.1  x  10-5  m-rad. 
These  emittances  will  be  added  to  the  emittances  at  the 
end  of  the  SLC  linac  and  thus  we  used  these  values  as  a  goal 
for  the  emittances  of  a  future  damping  ring;  one  has  dimin¬ 
ishing  returns  when  achieving  values  significantly  smaller. 

We  will  first  discuss  the  constraints  on  the  replace¬ 
ment  ring  and  then  we  will  describe  the  lattice  and  the 
bending  magnets.  Next,  we  describe  the  dynamic  aperture 
limitations  and  a  possible  correction  scheme,  and  finally, 
we  discuss  other  possible  upgrades  to  the  SLC  damping 
rings. 

Emittance  Reduction  and  Lattice  Choice 

When  considering  a  replacement,  one  is  constrained 
to  the  same  energy,  the  same,  or  faster,  damping  times, 
and  roughly  the  same  circumference  as  the  SLC  damping 


*  Work  supported  by  Department  of  Energy,  contract  DE- 
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rings.  The  energy  is  constrained  by  the  required  rotation  of 
the  electron  polarization  before  injection  into  the  ring,  the 
damping  times  are  needed  to  damp  the  injected  emittances 
while  operating  at  120  Hz,  and  the  circumference  is  deter¬ 
mined  by  the  size  of  the  damping  ring  vaults.  Thus,  there 
are  only  three  possible  ways  of  reducing  the  emittances:  (1) 
use  damping  wigglers  to  decrease  both  the  damping  times 
and  the  emittances,  (2)  use  combined  function  bending 
magnets  to  change  the  horizontal  damping  partition,  also 
decreasing  the  damping  times  and  the  emittances,  and  (3) 
use  a  more  efficient  cell  structure  with  smaller  dispersion 
to  reduce  the  quantum  excitation  and  thus  the  emittance. 

Unfortunately,  wigglers  are  not  very  effective  at  re¬ 
ducing  the  emittance.  Roughly  four  meters  of  5T  super¬ 
conducting  wiggler  with  a  15  cm  period  would  be  needed 
to  reduce  the  damping  time  and  emittance  by  a  factor  of 
two.  In  addition  to  the  severe  operational  difficulties  with 
such  a  device,  the  wigglers  would  increase  the  longitudinal 
emittance  an  unacceptable  amount. 

This  leaves  the  latter  two  choices,  changing  the  damp¬ 
ing  partitions  and/or  using  a  more  emittance  efficient  lat¬ 
tice.  We  chose  a  combination:  increasing  the  horizon¬ 
tal  damping  partition  to  roughly  1.7  while  decreasing  the 
quantum  excitation  in  the  cells.  Many  emittance  efficient 
cell  structures  have  been  developed  such  as  the  Chasman- 
Green,  Triple  Bend  Achromat  (TBA),  and  Theoretical 
Minimum  Emittance  (TME)  structure.  Unfortunately,  all 
of  these  structures  require  more  physical  space  than  is 
available;  they  are  not  very  compact.  For  example,  12 
Chasman-Green  cells,  using  24  bending  magnets,  could  be 
used  to  generate  the  desired  emittance,  but  to  keep  the 
quadrupole  strengths  reasonable,  we  found  that  the  ring 
circumference  would  have  to  double.  Alternately,  16  TME 
cells,  using  16  bending  magnets,  could  also  generate  the 
desired  emittance,  but  again  the  ring  circumference  nearly 
doubled. 

Thus,  we  chose  to  use  a  FODO  type  structure  where 
all  of  the  vertical  focusing  is  performed  in  a  combined 
function  bending  magnet  located  between  the  horizontally 
focusing  quadrupoles;  we  refer  to  this  as  a  FOOF  struc¬ 
ture.  [3,4]  The  cell  struc*ure  is  similar  to  the  TME  struc¬ 
ture  in  that  the  horizontal  dispersion  and  horizontal  beta 
function  are  minimum  at  the  center  of  the  bending  magnet 
and,  with  the  parameters  we  have  chosen,  the  equilibrium 
emittances  are  comparable;  20  FOOF  cells  are  needed  to 
achieve  the  same  emittance  as  16  TME  cells.  This  struc¬ 
ture  was  actually  suggested  as  a  replacement  for  the  SLC 
damping  rings  in  1989,  but  this  option  was  not  studied 
seriously  until  recently. 

Lattice 

The  new  ring  is  illustrated  schematically  in  the  bot¬ 
tom  half  of  Fig.  1  while  the  current  SLC  rings  are  shown 
in  the  top  half.  As  described,  the  FOOF  lattice  structure 
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Fig.  1  Schematic  of  the  current  SLC  damping 
ring  (upper  half)  and  a  new  damping  ring  de¬ 
sign  (lower  half).  The  arc  cells  of  the  SLC  rings 
are  replaced  in  the  new  design  while  the  injec¬ 
tion/extraction,  RF,  and  kicker  regions  remain 
the  same. 


Table  1.  Damping  ring  parameters. 


Bo  [kG] 

r*  [ms] 

J , 

ry  [ms] 

ycx  [mm-mrad] 

SLC 

20.24 

3.5 

1.0 

3.5 

30 

new 

18.34 

2.0 

1.7 

3.5 

9 

consists  of  a  focusing  quadrupole  and  a  defocusing  com¬ 
bined  function  bending  magnet.  The  cell  length  chosen  to 
be  equal  to  that  of  the  SLC  damping  ring  FODO  cells,  1.29 
meters,  and  the  cell  tunes  were  chosen  close  to  those  of  the 
current  rings:  vx  «  0.37  and  i/y  «  0.13;  this  is  close  to  the 
optimal  focusing  to  minimize  the  emittance. 

Thus,  nine  of  the  new  arc  cells  simply  replace  nine  of 
the  original  FODO  arc  cells.  The  original  focusing  quad- 
rupoles  are  reused  and  the  injection/extraction  insertion 
regions  are  not  changed.  The  chromatic  correction  is  per¬ 
formed  using  the  focusing  permanent  magnet  sextupoles 
in  the  present  rings  and  a  defocusing  sextupole  gradient 
in  the  bending  magnets.  Thus,  a  single  combined  function 
bending  magnet,  roughly  twice  the  length  of  the  present 
bending  magnets,  replaces  two  bends,  a  defocusing  quad- 
rupole,  and  the  defocusing  sextupoles.  Additional,  dipole 
correctors  and  trim  quadrupoles  are  needed  for  orbit  cor¬ 
rection  and  control  of  the  tunes  and  a  new  vacuum  chamber 
is  required. 

The  lattice  functions  of  the  new  cells  and  the  origi¬ 
nal  FODO  cells  are  compared  in  Figs.  2  and  3.  The  beta 
functions  are  similar  in  the  two  cells,  but  the  dispersion, 
and  thus  the  quantum  excitation,  is  significantly  smaller 
in  the  new  cell.  Parameters  of  the  present  SLC  damping 
rings  and  the  new  damping  ring  are  listed  in  Table  1.  The 
equilibrium  emittance  in  the  new  ring  is  over  a  factor  of 
three  smaller  than  that  in  the  present  rings.  This  is  due 
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Figs.  2  and  3  Lattice  functions  in  an  arc  cell  of 
the  new  damping  ring  (top)  and  the  SLC  rings 
(bottom);  the  cell  length  is  the  same  in  both. 


to  both  the  change  in  the  damping  partition  from  the  de¬ 
focusing  gradient  in  the  bending  magnets  and  the  smaller 
dispersion  in  the  bending  magnets. 

Combined  Function  Bending  Magnet 

The  combined  function  bending  magnet  is  described 
in  detail  in  Ref.  5.  It  is  68  cm  long  with  fields  of  Bo  =  18.33 
kG,  dBy/dx  =  —140  kG/m,  and  d2By/dx2  =  —4770 
kG/m2.  The  gap  was  chosen  to  be  equal  to  the  aper¬ 
ture  in  the  focusing  quadrupoles,  1.3  cm  radius,  which  is 
larger  than  the  current  bending  magnets;  this  would  allow 
a  constant  radius  vacuum  chamber  without  the  aperture 
transitions  that  can  increase  the  ring  impedance. 

To  achieve  good  fields  without  differential  saturation 
of  the  magnet  pole,  we  chose  to  design  the  bending  mag¬ 
net  with  Vanadium  Permendur  poles.  This  allows  one  to 
change  the  ring  energy  without  changing  the  normalized 
quadrupole  and  sextupole  components  of  the  bend.  An¬ 
other  advantage  of  the  long  bends  with  permendur  poles 
is  that  the  fringe  fields  are  small.  The  SLC  bending  mag¬ 
nets  are  constructed  from  saturated  iron  and  are  relatively 
short  and,  although  the  peak  field  is  roughly  20.2  kG,  the 
fringe  fields  reduce  the  rms  bending  field  to  less  than  18  kG. 
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Fig.  4  Dynamic  aperture  in  the  new  damping 
ring  design  at  the  injection  point  for  initial  energy 
deviations  of  0%  and  ±1%.  Particles  were  tracked 
for  1000  turns  with  synchrotron  oscillations  and 
alignment  errors. 


Fig.  5  Dynamic  aperture  in  the  new  damping 
ring  with  an  octupole  field  of  K3L  =  1000  m~3 
added  to  each  focusing  quadrupole;  synchrotron 
oscillations  and  alignment  errors  were  included. 


Thus,  the  synchrotron  radiation  power  and  therefore  the 
vertical  damping  times  from  the  SLC  and  the  new  bending 
magnets  are  roughly  equal,  even  though  the  SLC  magnets 
have  peaks  fields  that  are  10%  higher. 

Dynamic  Aperture 

The  dynamic  aperture  in  the  new  ring  is  slightly 
poorer  than  in  the  current  SLC  rings.  This  is  arises  be¬ 
cause  of  the  additional  sextupole  field  that  is  needed  to 
correct  the  chromaticity  since  the  dispersion  is  smaller  and 
because  of  the  octupole-like  terms  that  arise  in  the  com¬ 
bined  function  bending  magnet.  Despite  the  reduction,  the 
dynamic  aperture  is  still  larger  than  the  physical  aperture. 
This  is  illustrated  in  Fig.  4  where  the  aperture  was  calcu¬ 
lated  with  the  alignment  and  field  errors  and  synchrotron 
oscillations. 


Although  this  aperture  should  be  sufficient,  it  is  possi¬ 
ble  to  increase  it  by  adding  octupoles;  this  is  true  for  both 
the  SLC  and  the  new  damping  ring.  The  prime  limitation 
on  the  aperture  is  the  horizontal  tune  shift  with  ampli¬ 
tude.  This  can  be  corrected  with  octupoles  fields  in  the 
focusing  quadrupoles.  The  dynamic  aperture  is  plotted  in 
Fig.  5  where  an  integrated  octupole  field  of  1000  m-3  was 
added  to  the  QF  magnets;  alignment  and  field  errors  and 
synchrotron  oscillations  were  included.  This  octupole  field 
could  be  generated  with  either  permanent  magnets  or  by 
shimming  the  quadrupole  poles  10  mils. 

Alternate  Upgrades 

There  are  two  primary  problems  with  the  design  we 
have  described:  time  and  money.  There  are  two  upgrades 
that  may  be  more  attractive  since  they  are  much  faster, 
cheaper  and  less  disruptive  to  implement  even  though  they 
only  offer  half  the  emittance  gain.  These  require  modifying 
the  present  SLC  bending  magnets  to  change  the  horizon¬ 
tal  damping  partition  to  roughly  1.7.  The  dispersion  is  not 
changed,  but,  with  the  additional  damping,  the  horizontal 
emittance  is  reduced  by  a  factor  of  1.7.  The  damping  par¬ 
titions  could  be  changed  by  adding  a  gradient  to  the  bends 
or  by  changing  the  edge  focusing  of  the  bending  magnets. 

Conclusions 

We  have  described  a  possible  upgrade  for  the  SLC 
damping  rings  which  entails  replacing  the  present  bending 
magnets  with  longer  combined  function  magnets.  The  new 
rings  have  the  same  circumference  and  generate  the  same 
amount  of  synchrotron  radiation  as  the  present  rings,  but 
have  an  equilibrium  horizontal  emittance  that  is  a  factor  of 
three  smaller.  The  emittance  is  reduced  by  increasing  the 
horizontal  damping  partition  and  by  reducing  the  quan¬ 
tum  excitation  in  the  bending  magnets.  Finally,  we  are 
pursuing  two  other  possible  upgrades.  Although  they  only 
achieve  half  the  emittance  reduction,  they  are  cheaper  and 
easier  to  implement.  These  will  be  described  in  subsequent 
reports. 
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Abstract  tal  damping  allows  a  larger  injection  kicker  bump,  reducing  the 


The  injector  for  the  Advanced  Photon  Source  incorporates 
a  450-MeV  positron  accumulator  ring  (PAR)  to  decrease  the 
filling  time  with  the  2-Hz  synchrotron.  In  addition  to  accumu¬ 
lating  positrons  from  the  linac,  the  PAR  damps  the  beam  and  re¬ 
duces  the  bunch  length.  The  PAR  lattice  has  been  redesigned 
to  use  zero-gradient  dipoles,  while  retaining  essentially  the 
same  damping  partition.  Extensive  simulations  have  been  per¬ 
formed  to  set  tolerances  that  will  give  high  capture  efficiency, 
in  spite  of  the  large  momentum  spread  of  the  incoming  positron 
beam. 

I.  INTRODUCTION 

The  Advanced  Photon  Source  [1]  (APS),  now  under 
construction  at  Argonne  National  Laboratory,  is  a  7  GeV  posi¬ 
tron  storage  ring.  It  is  served  by  a  full-energy  injector  consist¬ 
ing  of  a  2  Hz  synchrotron,  a  positron  accumulator  ring  [2} 
(PAR),  and  an  electron/positron  linac  [3]. 

The  concept  behind  the  PAR  is  the  same  as  for  the  PIA  ac¬ 
cumulator  at  DESY  [4]:  to  compensate  for  the  low  efficiency 
with  which  positrons  are  created  and  captured  in  the  linac, 
many  positron  macro-pulses  are  accumulated  to  make  a  single 
bunch  for  acceleration  in  the  synchrotron. 

The  APS  linac  is  operated  at  60  Hz,  and  hence  the  maxi¬ 
mum  increase  in  the  charge  per  synchrotron  ramp  is  a  factor  of 
30.  The  actual  improvement  is  less  because  the  30  ns  linac  ma¬ 
cropulse  length  is  too  long  for  the  synchrotron’s  352  MHz  RF 
system,  so  that  time  must  be  allowed  for  damping.  This  pulse 
length  is  not  a  problem  with  the  PAR’S  9.78  MHz  first-harmonic 
RF  system. 

Figure  1  illustrates  the  PAR  operating  cycle.  During  the 
first  400  ms,  24  consecutive  positron  pulses  are  accumulated 
and  damped.  At  1/60  s  after  injection  of  the  last  pulse,  a 
n^-harmonic  RF  system  is  activated,  to  compress  the  bunch 
length.  After  damping  for  83  ms,  the  positrons  are  ejected. 

II.  DESIGN  ISSUES 

The  principle  issues  in  the  design  of  the  PAR  are  the  need 
for  large  momentum  acceptance  and  rapid  damping. 

The  damping  rates  are  proportional  to  the  ring  circumfer¬ 
ence  and  to  the  bending  radius  of  the  dipoles  [5],  indicating  that 
a  small  circumference  and  bending  radius  are  required.  A  cir¬ 
cumference  of  30.6667  m  was  chosen,  1/12  that  of  the  synchro¬ 
tron.  The  bending  radius,  p,  was  chosen  to  be  approximately  1 
m. 

Positron  pulses  are  accumulated  at  60  Hz,  so  a  horizontal 
damping  time  of  the  order  of  1/60  s  is  desirable.  Faster  horizon 

*  Work  supported  by  U.S.  Department  of  Energy.  Office  of  Basic 
Energy  Sciences  under  Contract  No.  W-31-109-ENG-38. 


amplitudes  of  newly  injected  particles  and  thus  the  required 
good  field  region  in  the  magnets. 

In  PIA  and  the  original  PAR  design,  a  non-zero  dipole  field 
index  was  used  to  increase  Jx  to  speed  horizontal  damping.  The 
current  PAR  design  instead  uses  non-sector  edge  angles,  mak¬ 
ing  the  dipole  easier  to  construct,  particularly  given  the  small 
P- 

Simulations  [3]  of  die  positron  linac  predict  a  momentum 
spread  of  ±  1%  and  an  emittance  of  6.6  Jtpm  for  95%  of  the 
beam.  The  dispersion  in  the  PAR  is  quite  huge,  giving  a  maxi¬ 
mum  dispersive  contribution  to  the  95%  beam  size  of  ±  32  mm. 
Coupled  with  the  residual  betatron  oscillation  of  the  injected 
beam,  this  requires  a  large  (±60  mm)  horizontal  good  field  re¬ 
gion. 

Of  particular  concern  was  the  beam  dynamics  modeling  of 
the  dipoles.  Tunes,  chromaticities,  and  damping  partition  num¬ 
bers  were  calculated  by  single-turn  integration/tracking  with 
various  fringe-field  models  [6],  giving  good  agreement  with  se¬ 
cond-order  matrix  methods.  Long-tom  tracking  employed  4th 
order  canonical  integration  with  the  exact  Hamiltonian  [7], 
with  extra  sextupoles  added  to  compensate  the  chromatic  effect 
of  the  lack  of  nonlinear  edge  terms. 

HI.  MACHINE  PARAMETERS 

A  MAD-format  [8]  lattice  listing  lattice  follows.  The  di¬ 
pole  has  approximate  residual  sextupole  and  edge-integral  val¬ 
ues,  based  on  magnet  simulations.  The  sextupoles  are  also  used 
for  horizontal  and  vertical  steering.  Beam  position  monitors  are 
located  at  every  quadrupole.  Because  of  the  strong  vertically 
focusing  dipole  edges,  all  quadruples  are  horizontally  focus¬ 
ing.  Quadrupole  Q3,  nominally  unpowered,  will  be  used  in  ad¬ 
justing  the  tunes. 

Figure  2  shows  the  Twiss  functions  for  one  quarter  of  the 
PAR,  while  Table  1  lists  some  important  parameters. 

LI:  DRIFT,  L=l. 731675 
SI:  SEXTUPOLE,  L=0.2,  K2=0.0 
L2:  DRIFT,  L=0.08 
LQB:  DRIFT,  L=0.24 

Ql:  QUADRUPOLE,  L=0.23,  Kl=l . 786022448154 
B:  SBEND,  L=0.8,  ANGLE=-0. 785398163397 , 

El=-0. 445, E2=-0. 445,  K2=0.1375, 

HGAP=0 . 0225,  FINT=0.41 
Q2:  QUADRUPOLE,  L=0.23,  Kl=2 . 295915530046 
L3:  DRIFT,  L=1.47 

SD:  SEXTUPOLE,  L=0.2,  K2=5 . 95873739969822 
Q3 :  QUADRUPOLE,  L=0.23,  K1=0.0 
Q4:  QUADRUPOLE,  L=0.23,  Kl=2 . 270174600496 
L5:  DRIFT,  L=0.325 

SFH: SEXTUPOLE,  L=0 . 1, K2=-l . 65546424863732 
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QUADRANT :LINE-(L1/S1/L2,Q1, LQB , B , LQB , 

Q2 , L3 , SD, L2 , Q3 , LQB, B,  LQB, 

Q4,L5,SFH) 

PAR:  LINE= (2* (QUADRANT, -QUADRANT)) 

IV.  INJECTION  AND  EJECTION 

Injection  and  ejection  utilize  a  single  pulsed  l.S-kHz  trans¬ 
former  septum  and  three  fast  kicker  magnets.  Two  of  these  later 
form  a  closed  injection  bump,  while  all  are  used  for  ejection. 
The  nominal  parameters  of  the  kickers  are  80  ns  rise  and  fall 
times,  and  an  80  ns,  430  G  flat-top  (the  revolution  time  is  102 
ns). 

The  large  incoming  momentum  spread  makes  optimization 
of  injection  more  involved  than  is  usual 

•  The  incoming  beam  must  not  scrape  the  outside  sep¬ 
tum  wall.  This  requires  x*  -  m,  >  As  +  AA,,  where  x, 
is  the  incoming  beam  centroid,  2  mi  the  incoming  95% 
beam  size.  A,  the  inner  septum  wall  position,  and  AA, 
the  septum  thickness  (2  mm). 

•  In  order  to  take  the  incoming  beam  “across”  the  sep¬ 
tum,  one  requires  Xb  >  Xj  +  m,  -  A,,  where  Xb  is  the 
kicker  bump  height. 

•  The  incoming  beam  must  not  scrape  the  aperture  in  the 
SFs,  requiring 

xb  S  X;  +  mj  +  (Ibimu  Irispl  -  ASF)  /J5-, 

V  PSF 

where  ft  is  ring  ft  at  the  injection  point  and  8  =  A  p/p. 
(The  dispersion  at  the  injection  point  is  neglected  here 
and  throughout) 

•  The  last  previously  injected  bunch  (which  is  not  fully 
damped)  must  not  scrape  the  inside  septum  wall  when 
the  kickers  are  fixed,  requiring 

,  A«~DX  (xj  +  mj 
*b  S  1-DX 

where  Dx  =  e_AT/tx,  with  AT  =  1/60  s. 

These  equations  were  used  to  find  the  minimum  kicker 
strength  that  satisfies  all  constraints.  Using  the  lattice  parame¬ 
ters  from  Table  1,  Asp  -  60  mm  (previously  chosen),  and  using 
the  emittance  and  energy  spread  for  die  incoming  beam  gives 
A^pt  =  20  mm  and  Xb  =  11.6  mm.  (These  results  allow  1  mm 
clearances,  not  shown  in  the  equations.) 

V.  TOLERANCE  STUDIES 

Extensive  numerical  studies  have  been  carried  out  in  order 
to  find  tolerances  that  maintain  good  injection  efficiency  and 
dynamic  aperture.  Various  limits  were  established  on  the  al¬ 
lowable  departure  of  the  as-built  machine  from  the  model,  and 
tolerances  were  set  to  ensure  a  95%  probability  of  not  exceed¬ 
ing  these  limits.  In  evaluating  the  effect  of  any  error,  the  simu¬ 
lations  included  the  effect  of  appropriate  corrective  strategies. 
More  specifically,  the  following  procedure  was  used: 


1.  Set  tolerances  on  errors  affecting  the  linear  optics. 
The  criteria  for  setting  these  tolerances  was  to  main¬ 
tain  beta-beats  below  10%,  eta-function  errors  below 
0.2  m,  and  linear  emittance  coupling  of  less  than  10%. 
The  corrective  strategy  consisted  of  adjusting  the 
tunes  back  to  the  ideal  values  using  Q3  and  Q4.  Exam¬ 
ples  of  errors  involved  are  quadrupole  strength  errors 
and  dipole  yaw. 

2.  Add  tolerances  on  errors  affecting  the  chromaticity. 
The  criterion  is  that  the  maximum  strength  of  the  sex- 
tupoles  not  be  exceeded.  The  additional  corrective 
strategy  consisted  of  adjusting  SD  and  SF  to  return  the 
chromaticities  to  zero.  Examples  of  errors  involved 
are  sextupole  strength  variations,  unexpected  sextu- 
pole  terms  in  the  bending  magnet,  and  quadrupole 
yaw. 

3.  Add  tolerances  on  errors  effecting  the  closed  orbit. 
The  criteria  are  that  the  steering  magnet  strength  limit 
not  be  exceeded  and  that  the  residual  orbits  be  less  than 
1  mm.  The  additional  corrective  strategy  consisted  of 
correcting  the  closed  orbit.  Examples  of  errors  in¬ 
volved  are  dipole  strength  variations,  quadrupole  posi¬ 
tioning  errors,  and  geomagnetic  fields. 

4.  Add  tolerances  on  errors  effecting  the  dynamic  aper¬ 
ture.  The  criterion  is  that  the  dynamic  aperture  be  out¬ 
side  the  physical  aperture  for  lAp/pl  <1%.  The  dy¬ 
namic  aperture  is  limited  by  multipole  errors  in  the 
magnets,  and  hence  the  tolerances  being  set  are  on 
these  errors. 

As  implied,  each  stage  of  the  procedure  includes  errors  at 
the  tolerance  levels  set  in  all  previous  stages.  Hence,  in  the  final 
stage,  the  dynamic  aperture  is  evaluated  in  the  presence  of  all 
categories  of  errors.  For  each  stage,  final  simulations  with  all 
appropriate  errors  and  corrective  strategies  were  done  for  a 
large  number  of  random  machines  (between  50  and  500,  de¬ 
pending  on  the  time  required  for  each  machine).  Space  does  not 
permit  a  presentation  of  the  tolerance  values,  but  they  are  well 
within  achievable  values. 

Because  of  the  time  required  for  dynamic  aperture  runs,  the 
simulations  had  all  error  multipole  strengths  at  the  tolerance 
limits,  with  randomized  signs  for  both  normal  and  skew  compo¬ 
nents.  This  allowed  evaluation  of  a  set  of  worst-case  dynamic 
apertures.  Under  these  pessimistic  conditions  dynamic  aper¬ 
ture  was  found  to  be  outside  the  physical  aperture  for  -1%  <  8 
<  0.8%;  for  0.8%  <  6  <  1.0%,  approximately  95%  of  the  physi¬ 
cal  aperture  was  stable.  The  addition  of  a  momentum  compres¬ 
sion  system  before  the  PAR  is  under  consideration  in  order  to 
ameliorate  this  problem,  which  may  reduce  injection  efficien¬ 
cy. 

After  completion  of  these  tolerance  studies,  injection  sim¬ 
ulations  were  performed  using  idealized  kicker  waveforms  and 
initial  beam  phase-space,  and  including  the  effects  of  transport 
line  errors.  These  indicate  that  capture  efficiencies  greater  than 
95%  should  be  obtained. 


2029 


Table  1 

PAR  Lattice  Parameters 


Circumference 

30.6667 

m 

Energy 

450 

MeV 

Times:  vxvy 

2.170, 1.217 

Largest  Px,py,rjx 

4.70, 13.71,  -3.21 

m 

Px,  Py,ru  at  injection  pt 

2.00,9.80,0.0054 

m 

Momentum  compaction 

0.247 

tx.Tfi 

20.8, 14.7 

ms  | 

Jx*  Jfl 

1.242, 1.758  | 

Energy  loss  per  turn 

3.56 

keV 

So 

0.36 

n-pm 

Ofi 

0.041 

% 

RF:  1st,  12th  harm. 


Voltage 

40, 30  kV 

Synchronous  phase 

174.89,0  deg 

Synch,  tune 

1.86, 5.90  xlO”* 

RMS  bunch  length 

0.884, 0.280  ns 

accumulate  damp 

and  and 

damp  bunch 

X - ^ - V - \ 


1  ■« —  1/2  second » 

immiiiimiiimm 


i _ i 

Figure  1 

PAR  operating  cycle 
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Abstract 

The  booster  operation  parameters,  such  as  synchrotron  tune, 
betatron  tune,  momentum  compaction  factor,  betatron  function 
etc. were  measured  at  injection  energy,  50  MeV,  and  compared 
with  the  calculated  results.  The  synchrotron  tune  shift  was 
done  by  varying  the  applied  cavity  voltage,  and  the  betatron 
tune  shift  was  observed  by  changing  the  current  on  the 
quadrupole  magnets.  The  measured  results  of  booster  beam 
emittance  and  energy  spread  during  acceleration  were  based  on 
the  beam  size  measurement  from  the  emitted  synchrotron  light. 
Possible  maximum  emittance  and  energy  spread  were  obtained 
directly  from  the  measured  data,  assuming  the  corresponding 
calculated  betatron  and  dispersion  functions  at  the  point  of 
observation  were  correct.  The  measured  results  were  also 
compared  with  the  theoretical  expection. 

INTRODUCTION 

The  SRRC  booster  was  manufactured  and  delivered  by 
Scanditronix  AB,  Sweden  in  July  1992  [1],  The  booster  rf 
system  was  provided  by  the  SRRC  rf  group.  In  order  to 
understand  the  booster  performance  characteristics,  the 
operation  parameters  were  measured  at  various  aspects  and 
compared  with  the  designed  values. 

OPERATION  PARAMETERS 

These  experiments  were  carried  out  at  injection  energy,  50 
MeV,  with  energy  spread  set  at  +/-  0.5%. 

Synchrotron  Tune  and  Momentum  Compaction  Factor 

The  electron  beam  signal  was  picked-up  with  a  stripline 
monitor  and  analyzed  with  a  spectrum  analyzer.  Synchrotron 
tune  was  measured  by  observing  the  sideband  of  the  revolution 
signal.  Using  the  following  relation,  the  momentum 
compaction  factor  was  determined  to  be  0.57  compared  with 
the  calculated  0.58. 

fs2  =  fr2  [e.h.cosfs.  a  .Vrfj/[2^E],  where 
fs  :  synchrotron  oscillation  frequency; 
fr :  revolution  frequency,  4.167  MHz; 
e :  electron  charge; 
h  :  harmonic  number,  120; 
fs  :  synchronous  phase; 

Vrf :  peak  rf  voltage; 

E :  electron  beam  energy; 
a  :  momentum  compaction  factor. 

The  measured  result  is  shown  in  figure  1.  The  experimental 
uncertainty  were  few  percent  on  E  and  about  10%  on  both  fs 
and  Vrf. 


Figure  1.  Synchrotron  frequency  verses  rf  cavity  gap  voltage. 
The  fitted  slope  is  3.77exp(5) 

Betatron  Tune  and  Tune  Diagram 

A  tracking  generator  was  used  as  an  excitation  source  in  order 
to  perturb  the  beam  for  betatron  tune  measurement.  The 
betatron  tune  was  first  set  to  the  designed  value,  then  both 
focusing  and  defocusing  quadrupole  families  were  adjusted  to 
look  for  the  tuning  range.  Typical  display  on  the  spectrum 
analyzer  is  shown  in  figure  2,  with  Vx  =  4.4,  V  z  =  2.43.  The 
uncertainty  in  the  tune  fractional  part  was  estimated  to  be  0.02. 


Figure  2.  Typical  operation  tune  signal.  The  highest  peaks  on 
both  sides  are  the  revolution  signal  of  4.167  MHz 
apart.  Two  pairs  of  secondary  peaks  around  the 

center  are  the  betatron  tune  signals  of  Vx  =  4.4,  V  z 
=  2.43.  The  horizontal  scale  is  0.5  MHz/div. 


0-7803-1 203-  1/93S03.00  ©  1993  IEEE 


2031 


By  using  the  associated  quadrupole  strengths  in  the 
experiment,  the  measured  ones  agree  with  the  calculated  tunes 
from  MAD  [2]  or  PATRICIA  [3].  The  observed  tuning  range 
for  V  XjZ  were 

4.33  <  Vx  <  4.44,  and 


and  A I  is  the  current  change  which  moves  the  tune.  The 
measured  results  in  two  consequtive  sections  of  the  booster  is 
also  shown  in  figure  4.  The  major  cause  of  the  measurement 
uncertainty  is  due  to  the  tune  shift  estimation.  In  figure  4,  for 
those  data  which  give  high  beta  values,  the  uncertainty  is  in  the 
range  of  25%.  For  low  beta  values,  the  uncertainty  is  about 


2.33  <  V  z  <  2.44. 

The  corresponding  tune  diagram  is  given  in  figure  3,  and  the 
indicated  resonant  lines  satisfy 
mVx  +  nVz  =  k, 

where  m,  n,  and  k  are  integers.  The  measured  tuning  range 
shows  that  the  beam  survives  while  crossing  the  coupling 
resonant  line  and  was  limited  by  the  stop  band  on  VXi  z  . 


Figure  3.  The  tune  diagram  of  the  booster.  Tunning  range  for 
both  Vx  and  V  z  are  also  indicated. 


80%. 

Booster  Beta  Functions 


(  0»  -  4.4,  Qi  -  2.43  ) 


Figure  4.  Both  calculated  and  measured  betatron  functions  in 
two  consecutive  superperiods. 

RAMPING  BEHAVIOR 

Beam  size,  Horizontal  Emittance,  and  Energy  Spread 

The  measured  beam  emittance  and  energy  spread  during 
acceleration  were  based  on  the  beam  size  measurement  from 
the  emitted  synchrotron  light,  assuming  the  corresponding 
calculated  betatron  and  dispersion  functions  at  the  point  of 
observation  were  correct.  The  measured  results  were 
compared  with  the  theoretical  expection. 


Betatron  Functions 

The  betatron  functions  were  measured  by  changing  the 
quadrupole  current  and  observing  the  associated  tune  shift. 

The  measurement  was  carried  out  with  operating  tune  Vx  = 
4.4,  V  z  =  2.43.  The  lattice  in  one  superperiod  of  the  booster 
consists  of  one  bending  magnet,  two  quadruples  (FQ,  DQ), 
and  two  correction  magnets.  The  correction  magnet  consists 
of  steering,  quadrupole,  and  sextupole  windings.  The 
measurement  of  betatron  function  at  certain  location  was  done 
by  adjusting  the  strength  of  each  quadrupole  families  and 
observing  the  associated  tune  shifts.  This  gave  an  averaged 
betatron  function  at  the  quadrupole  locations.  Also,  by 
changing  the  individual  quadrupole  component  driving  current 
in  the  correction  magnet  and  observing  the  corresponding  tune 
shifts,  betatron  function  at  that  particular  corrector  location  can 
be  obtained.  The  measured  betatron  function  was  determined 
from  the  following  relation, 

AVx,z  =  (l/4*).(5x>z.k.l.  (AI/I), 
where  AV  is  the  observed  tune  shift,  k  stands  for  the 
quadrupole  strength,  1  represents  the  magnet  effective  length, 


The  emitted  synchrotron  light  was  collected  by  a  CCD  camera 
with  resolution  of  22  pm  in  vertical  and  1 1  pm  in  horizontal 
directions.  It  is  assumed  that  the  measured  photon  spot  size  is 
the  same  as  the  corresponding  electron  beam  size  in  this  case 
[4],  Both  beam  emittance(£)  and  energy  spread(AE/E) 
contribute  to  the  beam  size(o)  with  the  relation 
CJ  =  [8.(3  +  (rpAE/E)2]1^2, 

where  (3  and  3]  are  the  corresponding  betatron  and  dispersion 
functions  at  the  emission  source  respectively. 

During  the  acceleration  period,  the  competition  among 
processes  such  as  adiabatic  damping,  radiation  damping,  and 
quantum  excitation  leads  to  ever  changing  values  for  dynamic 
parameters  of  the  electron  beam  as  a  function  of  time.  The 
measured  beam  emittance  and  beam  energy  spread  variation 
during  acceleration  period  are  shown  in  figure  5  and  figure  6 
together  with  the  theoretical  expectation  [5],  In  figure  5,  at 
every  measurement  step,  the  emittance  was  obtained  by 
making  use  of  the  calculated  lattice  parameters,  such  as  AE/E 
at  that  particular  energy,  and  the  calculated  (3  and  rp  The 

upper  limit  of  the  emittance  (  Emax  )  was  obtained  by 
assuming  that  emittance  was  the  only  contribution  factor  to 
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beam  size.  The  experimental  results  show  that  the  adiabatic  the  Synchrotron  Radiation  Research  Center,  December, 

and  radiation  dampings  give  major  contribution  to  emittance  1988.  (c)  K.  K.  Lin,  K.  C.  Cheng.  SRRC/U/IM/89-01. 

damping  in  the  early  stage  of  acceleration,  while  quantum  Rev.(l),  January,  1989. 

excitation  effect  is  responsible  for  emittance  growth  as  the 

beam  energy  becomes  higher.  The  contract  required  emittance 

specifiction  is  also  indicated  in  the  figure.  In  figure  6,  it  also 

indicates  that  the  energy  spread  variation  is  caused  by  similar 

damping  processes  as  have  been  described  above. 

Horizontal  Emittance 


Duruif  Acceleration 


Figure  5.  Emittance  variation  as  a  function  of  acceleration 
time.  Ramping  period  is  50  ms.  Repetition  rate  is 


10  Hz. 

Energy  Spread 

During  Acceleration 


Figure  6.  Energy  spread  variation  during  ramping  period. 

REFERENCES 

[1]  J.  Modeer,  project  manager,  Scanditronix  A B,  "1.3  GeV 
Electron  Synchrotron"  in  this  conference,  Pbl2. 

[2]  F.  C.  Iselin,  The  MAD  Program  Reference  Manual, 
CERN-LEP-TH/85-15,  May  1985. 

[3]  H.  Wiedemann,  Users  Guide  for  Patricia  version  85.5, 
SSRL  ACD-NOTE  29,  May  1985. 

[4]  A.  Hofmann,  F.  Meot,  Nuclear  Instruments  and  Methods 
203(1982)483-493. 

[5]  (a)  K.  K.  Lin,  K.  C.  Cheng.  Nucl.  Sci.  J.  25(4),  p.227-246, 
August,  1988.  (b)  Scanditronix  AB,  Conceptual  Design 
Report  of  a  1.3  GeV  Electron  Beam  Injection  System  for 


2033 


1.3  GeV  Electron  Synchrotron 


Jonas  Modeer 

Scanditronix  AB,  Husbyborg,  75229  Uppsala,  Sweden 


Abstract 

The  performance  of  a  1.3  GeV  electron  booster 
synchrotron  installed  at  SRRC,  Hsinchu  Taiwan  R.O.C. 
is  described.  The  system  comprises  a  140  keV  gun,  a  50 
MeV  linac  and  a  1..3  GeV  10  Hz  synchrotron.  Beam 
performance:  Multibunch  mode  >  20  mA  200  ns  pulse 
single  bunch  mode  >  50  mA  1.8  ns.  It  was 
commissioned  in  June  1992. 

I.  INTRODUCTION 

In  1988  Scanditronix  received  an  order  for  a  1.3  GeV 
Electron  beam  injector  system  for  Synchrotron 
Radiation  Research  Center  Taiwan.  The  order  was  for 
a  turn-key  system  including  a  50  MeV  Linac  as 
preiryector.  The  RF-system  was  built  by  the  SRRC  RF 
group. 


•ETA  ANO  STA- 10 FUNCTIONS  (M) 


Machine  funrz?ns. 


II.  PARAMETER  LIST 

The  most  important  synchrotron  parameters  are 
summerized  below.  [1] 


Max  energy ' 

1.3  GeV 

Circumference 

72  m 

RF-fi-eq. 

500  MHz 

Hor.  emittance 

3  TO'7  mrad 

Energy  spread 

2-103 

8  x  max 

11.97  m 

fi  y  max 

11.04  m 

q  max 

1.20  m 

Hor  nat  chromaticity 

-5.65 

Vert  nat  chromaticity 

-3.67 

Momentum  compaction 

factor 

0,058 

Multi  bunch 

Pulse  length 

100  ns  min 

Current 

5  mA 

Single  bunch 

Pulse  length 

<  2  ns 

Current 

40  mA 

IV.  PREINJECTOR 

The  preinjector  consists  of  a  140  kV  gun,  SLAC  type, 
and  a  50  MeV  Linac  structure  delivered  by  HRC  [2]. 
The  specification  for  the  Linac  system: 


III.  LATTICE  Energy  50  MeV 

Frequency  2997.9  MHz 

The  lattice  is  of  FO  DO  type.  It  consists  of  twelve  Multibunch 
cells.  Each  cell  consists  of  one  dipole,  two  quadrupoles  Pulse  length  <  500  ns 

and  two  sextupoles.  The  betafiinctions  are  shown  in  the  Current  30  mA 

following  figure.  Single  bunch 

Pulse  length  1.8  ns 

Current  220  mA 
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V.  INJECTION 

The  injection  is  single  turn.  A  twenty  degree  septum 
magnet  in  one  straight  section  positions  the  beam  on 
axis  on  the  following  straight.  At  the  crossing  point  an 
extremely  test  kicker,  less  than  50  ns  fall  time,  kicks 
the  beam  on  orbit. 

VI.  MAGNET  SYSTEMS 


Three  separate  White  circuits  are  used.  One  for  the 
dipoles  and  one  each  for  quadrupole  families.  The 
principle  diagram  for  the  White  circuits  is  shown 
below.  The  AC-supplies  is  of  the  GTO  type. 


I _ l 


m 

FQ 

Dipole 

DC-current 

90  A 

145  A 

1070  A 

AC-current 
Magnet  peak 

22  A 

70  A 

540  A 

current 

162 

257  A 

1920  A 

Tracking 

<  3  ■  10 3 

VII.  EXTRACTION 

Three  bumper  magnets  in  adjacent  cells  creates  a 
local  bump  at  the  extraction  septum  entrance.  A  fast 
kicker,  less  than  50  ns  rise  time,  kicks  the  beam  across 
the  septum.  The  timing  of  the  extraction  kicker  is 
synchronized  to  the  injection  kicker.  In  that  way  the 
gap  in  the  bunch  train  caused  by  the  injection  kicker 
fall  time  is  used  for  the  extraction  kicker  rise  time. 

VIII.  MEASUREMENTS 

All  designed  parameters  have  been  achieved  and 
some  generously  exceeded  dc. 


At  the  exit  of  one  of  the  dipoles  a  mirror  is  placed 
looking  upstream.  The  light  from  the  dipole  is  with 
some  optics  fed  to  a  CCD  camera.  The  CCD  camera  can 
be  triggered  at  any  time  during  the  ramping.  Assuming 
that  the  fl-functions  are  correct  the  emittance  and 
energy  spread  can  be  calculated.  This  measurements 
are  described  in  [3]. 

The  extracted  pulse  in  the  long  pulse  mode  has  been 
measured  by  three  independent  methods;  a  Faraday 
cup,  a  Bergoz  Fast  Current  Transformer  and  a  Q- 
electrode.  The  short  pulse  was  measured  by  a  Faraday 
cup,  a  Q-electrode  and  a  fast  ceramic  gap. 


Specification  Design  value  Measured 


Emittance 

3-10'7 

<  1 

1.5 

Energy  spread 

2-10'3 

0.5 

1 

Long  pulse 

Pulse  length 

100  ns 

200  ns 

200  ns 

Current 

5  mA 

>  5  mA 

20  mA 

Short  pulse 

Pulse  length 

2  ns 

2  ns 

2 

Current 

40  mA 

40  mA 

>  55 
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Abstract 

We  started  commissioning  the  Advanced  Light  Source 
(ALS)  storage  ring  on  January  11,  1993.  The  stored  beam 
reached  60  mA  on  March  24,  1993  and  407  mA  on  April  9, 
1993.  The  fast  pace  of  storage  ring  commissioning  can  be 
attributed  partially  to  the  robust  injection  system.  In  this  paper 
we  describe  the  operating  characteristics  of  the  ALS  injection 
system. 

I.  INTRODUCTION 

The  ALS  injection  system  [1]  consists  of  an  electron  gun, 
a  SO  MeV  linear  accelerator,  a  1.5  MeV  booster  synchrotron 
and  three  beam  transfer  lines  (GTL,  LTB,  and  BTS),  as  shown 
in  Figure  1.  Accelerator  installation  began  with  the  beneficial 
occupancy  of  Building  6  in  January,  1990.  Linac  [2]  reached 
the  design  energy  of  SO  MeV  in  December,  1990  and  the 
design  current  of  12S  mA  in  November,  1991.  Booster 
installation  [3]  was  finished  in  May,  1991  and  die  booster  rf 
system  in  December,  1991.  The  booster  reached  the  design 
energy  of  1.5  GeV  in  January,  1992  and  design  current  of  15 
mA  in  February,  1992.  Full  energy  beam  was  extracted  from 
the  booster  in  April,  1992.  The  injection  system  has  been 
running  reliably  since  September,  1992,  after  some  technical 
problems  associated  with  the  magnet  power  supplies  were 
corrected.  The  BTS  beam  transfer  line  was  installed  on 
January  1 1, 1993  and  the  beam  was  successfully  transferred  to 
the  storage  ring  on  the  first  day. 

The  filling  time  to  460  mA  measured  on  April  30,  1993, 
was  about  14  minutes.  That  was  without  any  optimization.  We 
expect  a  significant  improvement  in  filling  time  as  we  reduce 
the  linac  energy  spread  and  the  storage  ring  injection 
efficiency.  The  repedtion  rate  of  the  injection  system  is  1  Hz. 

II.  GUN  AND  GTL  BEAM  TRANSFER  LINE 

The  120  keV  electron  gun  has  a  triode  geometry.  An  rf 
voltage  with  a  frequency  of  125  MHz  (synchronous  with  the 
500  MHz  storage  ring  rf  system)  and  an  amplitude  of  0  -  70 
Volt  is  applied  between  the  cathode  and  the  grid.  The  rf 
voltage  is  biased  up  to  30  V  dc  to  produce  shorter  pulses.  We 
recently  upgraded  the  gun  electronics  to  add  the  single-bunch¬ 
mode  capability  and  reduce  the  gun  timing  jitter.  Pulse 
duration  is  now  about  2  nsec  fwhm  and  number  of  electrons  is 
S  3  nC/bunch.  Electron  gun  current  is  monitored  with  a  wall 
current  monitor. 

Bunchers  consists  of  a  125  MHz  subharmonic  buncher,  a 
500  MHz  subharmonic  buncher,  and  a  3  GHz  traveling  wave 
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buncher.  We  tune  the  amplitudes  and  phases  of  the  bunchers 
carefully  while  monitoring  the  bunch  shape  using  LEP  buttons 
at  the  25  MeV  point.  We  do  not  have  fast  enough  beam 
diagnostics  to  directly  measure  the  bunch  length  at  this  time. 
Computer  simulations  show  that  the  total  bunching  factor 
should  be  about  50  at  the  optimum  condition.  The  linac  can  be 
characterized  as  a  high  peak-current,  low  duty-factor  machine. 


Figure  1.  ALS  Injector 

We  monitored  the  beam  size  and  shape  in  the  LTB  line 
just  after  the  first  bending  magnet,  where  energy  dispersion  is 
large.  If  the  bunching  system  is  tuned  well,  we  can  see  well- 
separated  individual  bunches  on  the  screen. 

III.  LINAC 

The  linac  consists  of  two  2-meter,  3-GHz,  disk-loaded 
waveguides  with  a  constant-impedance  structure  for  the  2p/3 
mode  [4],  Beam  parameters  at  the  linac  exit,  measured  for 
optimized  operating  conditions,  are  summarized  in  Table  1. 


Table  1. 


1  Charge 

0.8  nC/bunch  ! 

Energy  spread  (dE/E)  j 

single  bunch 

0.2% 

multi-bunch 

0.6%/bunch 

Beam  Emittance  [5]  (ss')  i 

Vertical 

3.2  x  10‘7  m-rad 

Horizontal 

3.3  x  10'7  m-rad 

0-7803-1203-  1/93503.00  ©  1993  IEEE 
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A  computer  simulation  [6]  and  a  beam  loading 
consideration  in  the  waveguides  indicate  that  beam  loss 
should  most  likely  occur  before  the  electrons  reach  the  first 
wave  guide.  The  measured  emittances  agree  well  with  the 
simulations. 

Large  energy  spread  in  multi-bunch  mode  is  caused  by 
beam  loading  in  the  wave  guides.  A  beam  loading 
compensation  scheme  using  the  fast-phase-switching 
technique  was  tested  successfully  [2].  Because  the  booster 
energy  acceptance  is  ±  1%,  only  4  linac  bunches  can  be 
accepted  to  the  booster  at  a  time  without  beam  loading 
compensation.  This  mode  of  operation  has  been  good  enough 
for  the  storage  ring  commissioning  so  far.  We  expect  to  use 
the  beam  loading  compensation  scheme  more  routinely  in  the 
future. 

IV.  LTB  BEAM  TRANSFER  LINE  AND 
BOOSTER  INJECTION 

Beam  matching  from  the  SO  MeV  linear  accelerator  to  the 
booster  and  steering  are  done  in  the  LTB  beam  transfer  line 
for  a  maximum  beam  capture  in  the  booster.  Injection  to  the 
booster  is  via  a  fast  kicker  magnet  utilizing  the  well- 
established  single-turn,  on-axis  injection  technique.  The 
injection  kicker  magnet  has  a  100  nsec  flat  top  (<  ±  0.5%), 
with  a  fall  time  of  about  ISO  nsec.  The  flat  top  time  window  is 
long  enough  to  inject  13  linac  bunches  into  the  booster. 
Booster  orbit  time  is  2S0  nsec.  Beam  transfer  efficiency  from 
linac  to  booster  is  typically  about  75%.  Most  of  the  beam  loss 
occurs  during  the  fust  200  msec  after  injection. 

A  peaking  coil  installed  in  one  of  the  booster  dipole 
magnets  triggers  the  electron  gun,  linac,  and  the  injection 
kicker  magnet.  The  peaking  coil  also  triggers  a  Gauss  clock, 
which  then  starts  to  generate  a  series  of  pulses  at  given  dipole 
field  intervals.  The  Gauss  clock  is  used  to  trigger  and 
moderate  other  booster  instrumentations  such  as  rf  ramping 
and  beam  position  monitors. 

V.  BOOSTER  SYNCHROTRON 

The  booster  consists  of  24  dipole-  and  32  quadrupole- 
magnets  in  a  missing-magnet  FODO-lattice  configuration  with 
a  super  periodicity  of  4.  The  booster  lattice  parameters  and  the 
operating  point  are  summarized  in  Table  2. 

Dipole  magnets  are  connected  in  series  to  a  SCR- 
switched  power  supply  and  run  freely  at  a  repetition  rate  of  1 
Hz.  Acceleration  to  1.5  GeV  in  the  booster  takes  0.34  seconds. 
The  focusing  (defocusing)  quadruples  are  connected  in  series 
to  a  power  supply  which  tracks  the  excitation  current  of  the 
dipole  magnet.  The  core  nonlinearities  such  as  remnant 
magnetic  fields  at  low  fields  and  core  saturation  at  high  fields 
cause  large  tune-shifts  during  acceleration.  Tune-shifts  make 
machine  operations  very  susceptible  to  resonant  beam  losses 
during  the  first  100  msec  of  the  ramping.  We  were  able  to 
correct  the  tune-shift  to  <  0.02  by  applying  programmable 
correction  voltages  to  the  quadrupole  power  supplies  at  certain 
Gauss  clock  intervals. 

Spontaneous  betatron  oscillations  were  observed  during 
the  first  1  msec  after  injection.  We  can  excite  horizontal 
betatron  oscillations  using  the  extraction  kicker  magnet  at  any 
time  SO  msec  after  injection.  Tunes  were  measured  by  (1) 


analyzing  the  beam  position  monitor  signals  in  the  Fast- 
Analog-to-Digital  (FAD)  [7]  mode,  or  (2)  using  a  Tektronics 
3052  spectrum  analyzer.  In  the  FAD  mode  BPMs  provide 
beam-position  information  for  1024  turns.  The  Tektronics 
3052  spectrum  analyzer  can  provide,  for  example,  a  100  msec 
record  of  spectra  in  200  msec  steps. 


Table  2.  Booster  Lattice  Parameters 


Circumference  fml 

75 

Revolution  Frequency  fMHz] 

3.997 

Betatron  Tune 

Horizontal 

5.80 

Vertical 

2.79 

Synchrotron  Freq  (kHz) 

injection 

256 

extraction 

44 

Momentum  Compaction 

0.046 

Chromaticity 

Horizontal 

-8.31 

Vertical 

4.69 

Quadrupole  kL  [1/m] 

Focusing 

0.787 

Defocusing 

0.471 

Sextupole  kL  [l/m^] 

Focusing 

0.867 

Defocusing 

0.989 

Radiation  Loss  at  1.5  GeV 

112 

[keV/tuml 

Natural  Energy  Spread 

0.064 

at  1.5  GeV  [%1 

Radiation  Damping  at  1 .5  GeV 

Horizontal 

5.68 

[msec] 

Vertical 

5.72 

Energy 

3.37 

for  quadruples  k  =  (dBldx)  /  [Br] 
for  sextupoles  k  -  (dpBldx2)  /  2  [Br] 

Ramping  the  rf  amplitude  was  programmed  by  specifying 
the  rf  amplitude  values  at  Gauss  clock  intervals.  Under  the 
best  condition  the  synchrotron  frequency  was  256  kHz  at 
injection  and  44  kHz  at  extraction.  Many  higher  order 
synchrotron  harmonics  were  observed  under  this  condition, 
which  may  mean  quadrupole  and  sextupole  modes  were 
present. 

The  booster  has  20  sextupole-magnets  for  chromaticity 
corrections  and  32  corrector- magnets  for  orbit  corrections. 
Sextupole-  and  corrector-magnet  power  supplies  are  designed 
to  track  the  dipole  field  in  a  way  similar  to  the  way  the 
quadrupole  fields  do.  Sextupoles  have  not  been  necessary  for 
and  have  had  no  effects  on  booster  operations  so  far.  We 
expect  that  sextupoles  may  be  necessary  in  the  future,  when 
the  booster  current  is  higher  (which  may  induce  some 
instabilities). 

Orbit  correction  was  successful  in  improving  the  capture 
efficiency  [7].  The  booster  circumference  is  about  5  mm 
larger  than  designed  and  closed  orbit  is  distorted  to  the  first 
order  by  the  dispersion  function  [8J. 

VI.  BOOSTER  EXTRACTION  AND  BTS 
TRANSFER  LINE 

When  the  beam  is  accelerated  to  the  extraction  energy, 
the  following  sequence  of  events  occurs.  Three  extraction 
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bump  magnets  are  turned  on  to  form  a  10  mm  local  bump  near 
the  extraction  septum  magnet.  The  bump  is  slow  enough  for 
the  extraction  kicker  magnet  to  wait  up  to  82  msec  for  the 
correct  storage  ring  rf  bucket  to  line  up  with  the  booster  if 
bucket.  We  can  thus  program  the  storage  ring  fill  pattern  by 
programming  the  kicker  timing. 

We  measured  the  beam  emiuance  of  the  extracted  beam 
by  measuring  the  horizontal  and  vertical  beam  sizes  in  the 
BTS  line  where  the  beta  functions  are  known.  The  results  are: 
ex  =  2.5  x  10-7  m  and  ey  =  0.1  x  10"7  m  rms  unnormalized. 
The  measurements  agree  with  the  theory  very  well. 

VII.  INSTRUMENTATION  AND  CONTROL 

The  accelerator  instrumentation  [9],  (to)  played  the  roles  of 
our  eyes  and  ears  in  commissioning  and  operating  the 
accelerator.  We  had  adequate  accelerator  instrumentation  in 
most  parts  of  the  accelerator.  The  cost  of  the  instrumentation 
is  small  compared  with  other  costs  and  was  well  worth  it  for 
the  saved  time  and  effort  during  commissioning.  We  felt  that 
we  could  have  used  more  diagnostics  such  as  BPMs  and 
steering  magnets  in  the  GTL  line.  More  diagnostics  at  the 
linac  exit  such  as  total  charge  monitors  and  high  speed 
diagnostics  are  becoming  commercially  available.  This  will 
make  further  commissioning  more  enjoyable.  ALS  accelerator 
instrumentation  is  summarized  in  Table  3. 


Table  3.  Summary  of  ALS  accelerator  instrumentation. 


WCM 

GTL 

1 

Linac 

LTB  Booster 

BTS 

1 

Faraday  cup 

- 

- 

1 

- 

- 

DCCT 

- 

- 

- 

1 

- 

Scintillator 

2 

2 

6 

5 

7 

BPM  (buttons) 

2 

1 

- 

32 

- 

BPM  (TWE's) 

- 

1 

7 

3 

6 

Scintillatois  were  used  for  focussing  and  steering  of  the 
beam  in  the  linac  and  in  the  beam  transfer  lines.  They  are  also 
used  for  calibrating  magnets  using  the  electron  beam  as  a 
probe. 

Because  of  their  non-destructiveness  of  the  beam  and  the 
high  speed  with  which  data  can  be  processed,  various  types  of 
beam  position  monitors  are  extensively  used  throughout  the 
ALS  accelerator  system.  Fast  and  simultaneous  measurements 
of  the  beam  positions  and  the  relative  intensities  at  different 
locations  in  the  accelerator  are  very  important  for  tuning  and 
feedback  stabilizing  of  accelerators.  BPM's  were  used  for 
tuning  the  beam  transfer  lines,  injection  and  fust-turn  studies 
in  the  booster  synchrotron  and  the  storage  ring,  tune 
measurements,  closed  orbit  measurement  and  correction, 
feedback  stabilization,  etc.  A  BPM  system  consists  of  an  array 
of  beam  pickup  electrodes,  a  set  of  high-quality  coaxial 
cables,  a  bin  of  processing  electronics,  and  a  controlling 
computer.  Careful  preparation  and  testing  of  the  hardware  and 
software  were  necessary  for  each  of  these  applications. 

The  BPMs  were  an  indispensable  part  of  our 
instrumentation,  and  we  have  learned  a  great  deal  during  our 
commissioning  about  how  to  use  them  and  interpret  the  data 
properly. 


The  booster  is  controlled  by  the  ALS  control  system.  It 
utilizes  the  intelligent  local  controllers  (ILC's)  which  are 
highly  distributed  and  centrally  connected  to  collector  micro¬ 
modules  via  fiber  optical  links.  Operator  interface  is  via  a 
number  of  personal  computers  (six  486/PC's  at  present)  using 
mostly  commercially  available  software  and  development 
tools.  Applications  have  been  developed  jointly  by  the  ALS 
control  systems  group  and  the  accelerator  systems  group. 
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Abstract 

The  speciflcation  and  the  layout  of  the  synchrotron  of 
SPring-8  were  decided.  The  synchrotron  is  designed  to 
accelerate  electron  or  positron  beams  from  1  GeV  to  8  GeV 
with  the  repetition  cycle  of  1  Hz.  The  injection  method  of  the 
1-GeV  beam  from  the  linac  is  adopted  to  be  single-turn 
technique  with  on-axis  into  the  synchrotron.  The  input  power 
of  2S0  kW  into  the  cavity  was  achieved  in  1991,  and  the  rise 
time  of  less  than  100  nsec  in  kicker  was  succeeded  in  1992. 
The  construction  of  the  synchrotron  is  started  in  the  fiscal  year 
of  1993,  and  it  will  be  accomplished  in  1997. 

1.  INTRODUCTION 

Parameters  of  the  synchrotron  are  listed  in  Table  1.  An 
single-turn  technique  with  on-axis  is  adopted  as  beam 
injection  method  from  the  linac  to  the  synchrotron.  For  the 
single-bunch  mode-operation  in  the  storage  ring,  the  8  buckets 
of  the  synchrotron  will  be  filled  and  ejected  by  the  injection 
and  extraction  of  8  times,  respectively.  The  interval  of  the  two 
buckets  which  are  neighborhood  is  160  nsec.  Then  the  rise 
time  and  fall  time  of  less  than  100  nsec  in  kicker  is  required  in 
order  to  carry  out  the  operation  of  the  8-buckets  single-bunch 
for  the  single-bunch  mode-operation  in  the  storage  ring.  The 
synchrotron  is  located  outside  the  storage  ring  and  is 
constructed  on  ground  having  a  grade  level  about  9  m  lower 
than  that  of  the  storage  ring.  This  necessitates  a  long  beam 
transfer  line  about  300  m.  Figure  1  shows  the  layout  of  the 
injector  system. 


Table  1  Parameters  of  the  synchrotron 

Injection  energy 

1  GeV 

Maximum  energy 

8  GeV 

Circumference 

396.12  m 

Repetition  time 

1  sec 

Natural  emittance  (8  GeV) 

230  nm.rad 

Momentum  spread  (8  GeV) 

1.26x1  O'3 

Number  of  cells/periodicity 

40/2 

Nominal  tune  (Vj/vy) 

11.73/8.78 

Natural  chromaticity  (£x/£y) 

-14.4/- 11.5 

Radio  frequency 

508.58  MHz 

Harmonic  number 

672 

Radiation  loss  (8  GeV) 

12.27  MeV/tum 

2.  GENERAL  DESCRIPTION 

A.  Lattice  Design 

The  synchrotron  has  a  twofold-symmetric  lattice 
composed  of  40  FODO  cells.  There  are  30  normal  cells,  each 
having  two  bending  magnets.  Two  straight  sections  are 
provided  for  injection,  extraction  and  acceleration  of  the 
beam.  The  straight  sections  consist  of  these  cells  with  no 
bending  magnet  RF  cavities  and  the  devices  for  injection  and 
extraction  are  installed  into  empty-dipole  cells.  The  dispersion 
function  at  the  straight  section  is  suppressed  by  removing  a 
bending  magnet  from  a  normal  cell(dispersion-suppression 
cell)  and  selecting  the  optimum  value  for  the  horizontal  tune 
suppress  dispersion  at  the  exit  of  the  residual  bending  magnet 
Horizontal  and  vertical  tune  values  are  11.73  and  8.78, 


respectively.  The  natural  chromaticities  are  t,x  =  -14.4  and  4y 
=  -11.5.  To  correct  the  chromaticities,  each  normal  cell 
contains  a  focusing  and  defoc  using  sextupolc  near  the 
focusing  and  the  defocusing  quadrupole,  respectively. 

B.  Injection  and  Extraction 

At  the  injection  energy  of  1  GeV,  a  single-turn  with  on- 
axis  technique  is  adopted  as  the  standard  injection  method  to 
provide  good  injection  efficiency  of  the  beam  into  the 
synchrotron.  Two  septum  magnets  and  two  kicker  magnets  are 
used  for  the  on-axis  injection.  After  leaving  two  septum 
magnets,  the  injected  beam  is  inflected  to  the  reference  orbit 
by  the  focusing  quadrupoles.  Before  entering  the  reference 
orbit  of  the  synchrotron,  the  beam  is  kicked  and  placed 
smoothly  in  the  reference  orbit  by  the  kicker  magnets. 

The  duration  when  the  kicker  magnets  are  excited  must 
be  shorter  than  300  nsec.  Thus,  the  kicker  waveform  has  100- 
nsec  rise-time,  40-nsec  flat-top,  and  100-nsec  fall-time.  For  the 
operation  with  the  long  pulse  mode,  another  PFN  circuit  for 
the  kickers  is  used  to  generate  a  long  flat-top.  Figure  2  shows  a 
short  pulse  waveform  of  the  prototype  kicker  magnet  for 
injection.  Figure  3  shows  a  cross-sectional  view  of  the  kicker 
magnet. 

The  aperture  of  the  vacuum  chamber  in  the  normal  cells  is 
determined  by  the  size  of  the  injected  beam  and  the  injection 
method.  Substituting  maximum  beta  and  dispersion  functions; 
px  =  16.7  m,  Py  =  17.9  m,  q  =  1.0  m,  a  maximum  COD; 
CODx  =  9.0  mm,  CODy  =  7.5  mm,  and  beam  quality;  1.0 
nmm.mrad,  AP/P=0.01  into  the  following  equations; 

BSCX  =  (exPx)1/2+<2AP/P)ti  +  CODx 

BSCy  =  (Eypy)1/2  +  CODy 

The  beam-stay-clear  results  in  BSCX  =  33.5  mm  and 
BSCy  =  11.7  mm.  Presently  the  physical  half  aperture  is 
designed  to  be  Ax  =  40  mm.  Ay  =  15  mm,  to  accommodate 
both  cases. 

The  8-GeV  electron-  or  positron-beam  is  extracted  from 
the  synchrotron  with  four  septum  magnets,  three  kicker 
magnets  and  four  bump  magnets.  The  magnetic  rigidity  of 
these  magnets  is  large  but  the  empty  space  available  for  these 
magnets  is  limited,  thus  bump  orbit  must  be  used  to  assist  the 
kicker  and  septum  magnets. 

C.  Magnets 

The  magnets  of  the  synchrotron  are  64-dipole  magnets, 
80-quadrupole  magnets,  60-sextupole  magnets  and  80- 
correction  magnets.  The  core  of  each  magnet  is  stacked  with 
0.5  mm  thick,  silicon  steel  laminations.  The  dipole  magnet  has 
a  C  type  core  and  assembled  by  lamination  stacking;  this  is 
curved  with  parallel  end  plates.  The  pole  width  is  140  mm 
with  lateral  shims  7.5  mm  wide  by  1  mm  high.  The  pole  length 
is  2870  mm.  The  maximum  field  strength  of  dipole  magnets  is 
0.9  T.  The  Bohr  radius  and  the  length  of  the  quadrupole  are  70 
mm  and  0.57  m.  And  those  of  sextupole  are  100  mm  and  0.15 
m.  Quadrupole  and  sextupole  magnets  are  constructed  with 
two-piece  core-structure.  The  maximum  field  strength  of  these 
magnets  are  15  T/m  and  200  T/m2,  respectively. 
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D.  Power  Supplies  for  the  Magnets 

Power  supplies  for  the  magnets  provide  the  pulsed  current 
of  1  Hz.  The  waveform  of  the  pulsed  current  has  150-msec 
flat-bottom,  450-msec  rise-time,  150-msec  flat-top  and  250- 
msec  fall-time.  For  the  dipole  magnet  two  24-pulse  thyrister- 
converters  are  used  to  reduce  the  direct  current  ripple.  These 
two  converters  are  connected  in  series  to  reduce  the  reactive 
power.  One  transfers  the  power  from  the  mains  to  the  magnet 
load  and  the  other  backs  into  the  mains.  A  DC  filter  is  installed 
which  is  composed  of  a  passive  filter  and  an  active  filter  to 
bring  the  ripple  down  further.  For  the  quadrupole  and 
sextupole  magnet,  a  24-pulse  and  a  12-pulse  thyrister 
converter  are  used,  respectively.  Transistor  power  supplies  are 
used  for  correction  magnets. 

E.  Vacuum  System 

The  synchrotron  has  two  types  of  vacuum  chambers:  an 
ordinary  type  which  has  a  race-track  cross-section  with  1.5- 
mm  wall-thickness  and  a  rib-reinforced  type  that  has  0.3 -mm 
wall  thickness  with  a  race-track  cross-section.  The  ordinary- 
type  chambers  are  installed  in  the  quadrupole  magnets  and  the 
rib-reinforced-type  chambers  are  in  the  dipole  magnets.  Both 
chambers  are  made  of  316L  stainless  steel.  The  aperture  of 
80x30  mm2  is  requested.  Under  the  condition  of  the  present 
duct-aperture  and  the  pressure  of  lxlO‘6Torr,  the  beam 
lifetime  determined  by  the  residual  gases  is  estimated  to  be 
100  sec  at  1  GeV.  Although  it  is  sufficiently  long  compared  to 
the  lifetime,  we  have  decided  the  design  pressure  should  be 
less  than  lxlO6  Torr  throughout  the  synchrotron  because  of 
the  gross  reliability  of  the  vacuum  system. 

F.  RF  System 

The  synchrotron  uses  508.58  MHz  RF  system,  the  same 
frequency  as  that  for  the  storage  ring.  The  total  required  RF 
power  is  1.69  MW.  Two  1-MW  KEK-type  klystrons  are  used 
as  the  power  source  and  provide  for  eight  five-cell  cavities. 
The  RF  power  from  a  klystron  is  divided  equally  into  the  four 
cavities  using  three  magic-T  splitters.  The  required  RF  voltage 
is  increased  linearly  during  the  ramping  from  8  MV  to  18.7 
MV.  The  effective  RF  voltage  is  changed  by  controlling  the 
phases  of  RF  between  two  klystrons,  keeping  the  output  power 
of  the  klystrons  constant.  The  phase  differences  between  the 
two  klystrons,  131  and  zero  degrees,  correspond  to  the  total 
RF  voltages,  8  and  18.7  MV,  respectively,  at  the  constant 
klystron  output  power  of  845  kW  each. 

Dissipation  of  RF  power  occurs  mainly  at  the  cavity 
walls,  since  the  beam  loading  is  very  low  because  of  the 
maximum  beam  current  of  10  mA  in  the  synchrotron.  The 
design  requirement  for  the  cavity  is  to  realize  high  shunt 
impedance  to  reduce  the  wall  losses.  A  multi-cell  type  cavity, 
that  consists  of  5  cells  was  chosen.  The  cavity  has  inductive 
coupling  slots.  A  large  coupling-factor  is  required  to  stabilize 
the  accelerating  field  against  disturbances  of  the  temperature- 
rise.  A  cross-sectional  view  of  the  prototype  five-cell  cavity  is 
shown  in  figure  4.  The  total  length  is  1700  mm  and  the  outer 
diameter  is  492  mm.  The  cavity  is  constructed  with  OFHC 
copper  with  cooling  channels  machined  into  every  component 
The  effective  shunt  impedance  is  about  21  MO/m.  The 
maximum  input  power  is  250  kW. 

G.  Beam  Monitors 

Table  2  shows  beam  monitors  installed  in  the 
synchrotron.  Beam  position  is  measured  at  80  locations  around 
the  synchrotron  at  every  quadrupole  magnet.  Each  beam- 


position  monitor(BPM)  consists  of  a  set  of  four  button 
electrodes  mounted  on  the  wall  of  the  vacuum  chamber.  The 
signals  from  each  BPM  are  transmitted  through  low-loss,  high- 
frequency  cables  to  the  detector  circuits  via  fast  pin-diode 
switches.  For  real-time  measurements  of  beam  position  during 
ramping,  4  detector  circuits  are  used  for  80-BPMs.  Movable 
and  rigid  fluorescent  screens  are  installed  to  see  the  position  of 
the  injection  and  extraction  beam.  The  intensity  of  the  beam 
current  is  measured  by  several  types  of  current  transformers. 
Horizontal-  and  vertical-beam  excitation-electrodes  are 
installed  at  the  injection  section  to  determine  the  tune  values 
and  the  tune  shift  during  acceleration. 

Table  2  Beam  monitors  of  the  synchrotron 


monitor  type  quantity 

Current  transformer  for  short  pulse  2 

DCCT  1 

BPM  80 

Fluorescent  screens  14 

Photon  monitor  1 

RF-KO  1 

Beam  loss  monitor  5 


H.  Beam  Transport  System 

The  injector  system  is  located  outside  the  storage  ring  and 
is  at  a  lower  elevation  by  about  9  m  than  the  storage  ring.  It  is 
necessary  to  construct  a  long  beam-transport  line(about  300 
m)  with  vertical  bending  magnets.  Thirteen  bending  magnets, 
42  quadrupole  magnets  and  21  correction  magnets  are  used  in 
this  beam  transport  line.  The  vacuum  chamber  of  this  transport 
line  is  made  of  stainless  steel  pipe  with  the  inside  diameter  of 
36  mm.  The  vacuum  system  is  designed  so  that  the  pressure 
anywhere  in  the  beam  transport  line  will  not  exceed  lxlO  5 
Tore. 

/.  Timing  System 

To  operate  the  accelerator  complex  of  this  facility,  two 
systems  for  timing  coordination  are  necessary.  The  first 
system  is  associated  with  beam  transfer  from  the  linac  to  the 
synchrotron.  The  second  system  is  associated  with  beam 
transfer  from  the  synchrotron  to  the  storage  ring.  The  RF 
systems  of  the  synchrotron  and  the  storage  ring  will  be 
operated  by  the  508.58  MHz  frequency  of  a  master  oscillator 
and  the  harmonic  numbers  of  672  and  2436,  respectively. 
Since  the  time  width  of  each  RF  bucket  is  2  nsec,  die  timing 
accuracy  required  for  beam  transfer  from  the  synchrotron  to 
the  storage  ring  must  be  less  than  100  psec  to  suppress  the 
beam  loss  due  to  the  synchrotron  oscillation  of  the  injected 
beam.  For  single-bunch  operation,  it  is  necessary  to  select  any 
one  of  the  2436  buckets  as  the  single  filled  bucket  in  the 
storage  ring  into  which  the  bunched  beam  from  the 
synchrotron  is  transferred.  Two  concepts  for  the  timing 
systems  are  being  considered.  One  concept  uses  a  synchronous 
timing  table  which  has  low  jitters(lower  than  100  psec)  and  the 
other  utilizes  is  a  phase  control  loop  which  has  the  accuracy  of 
lower  than  1  degree.  The  transfer  line  of  the  timing  signal  and 
the  RF  frequency  consists  of  the  optical  fiber  and  the  EO/OE 
transmitter  and  receiver  which  has  low  jitters  and  temperature 
dependence. 

3.  CONCLUSION 

The  specification  of  the  synchrotron  were  decided.  The 
construction  of  the  synchrotron  is  started  in  the  fiscal  year  of 
1993,  and  it  will  be  accomplished  in  1997. 
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Figure  3.  The  cross  sectional  view 

of  the  kicker  magnet  for  injection 
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I.  Introduction 

At  present  there  axe  several  proposals  of  the  magnet 
lattices  suitable  the  standard  and  monochromatization 
regimes  for  tan-charm  factory  (?],  [?],{?].  In  this  paper 
the  main  features  of  the  design  naing  versatile  lattice  are 
discussed.  The  beam  and  machine  parameters  and  a  short 
description  of  some  factory  systems  are  presented  to  illus¬ 
trate  the  design  feasibility. 

II.  Magnet  lattice  of  TCF 

Now  we  have  changed  magnet  lattice  of  tan-charm  collider. 
The  previous  one  [?]  was  baaed  on  conventional  flat  beam 
scheme.  The  new  lattice  [?]  is  versatile  and  allows  to  use 
both  standard  scheme  and  monochromatization  one.  lb 
have  the  possibility  of  a  use  both  schemes  the  versatile 
lattice  should  to  fulfil  few  conditions.  Two  of  them  are 
of  most  importance.  The  first  is  a  possibility  to  change 
an  emittaace  approximately  in  20  times:  from  300  +  400 
nm  for  the  conventional  scheme  up  to  15  +  20  nm  for  the 
scheme  with  monochromatization.  The  second  is  a  neces¬ 
sity  of  a  change  polarity  in  micro-beta  quadrupoles.  The 
last  condition  is  a  consequence  of  a  fact  one  wants  to  gain 
in  energy  resolution  without  loss  of  a  luminosity  in  the  case 
the  monochromatization  is  made  in  the  vertical  plane. 

The  big  change  of  an  emittance  is  achieved  by  use  of 
different  phase  advances  in  a  regular  cell  for  conventional 
scheme  and  monochromatization  scheme  and  by  appropri¬ 
ate  use  of  wigglers.  In  high  emittance  lattice  (conven¬ 
tional  scheme)  60°  phase  advance  is  used  in  a  regular  cell. 
Two  variants  of  wigglers  switching  to  increase  an  emit¬ 
tance  compared  with  those  generated  in  bending  magnets 
are  now  under  consideration.  In  the  first  variant  Robinson 
wigglers  reduce  horizontal  damping  partition  number  Jt 
from  1  to  0.6.  Robinson  wiggler  consists  of  4  blocks  each  of 
0.23m  long.  It  is  necessary  4  such  wigglers  located  close  to 
each  of  4  dispersion  suppressors  with  gradient  G=*4.3T/m 
and  magnetic  field  B=0.35T.  Four  dipole  wigglers  each  of 
1.0m  long  with  magnetic  field  B«1.9T,  located  in  first  half 
cell  of  suppressor,  produce  an  additional  increase  of  emit¬ 
tance.  The  magnetic  elements  location  and  lattice  func¬ 
tions  in  this  variant  are  shown  in  Fig.  1.  In  the  second 
variant  the  dipole  wigglers  only  are  used  to  increase  an 


emittance.  The  magnetic  field  in  dipole  wigglers  is  2.6T  in 
this  case. 

When  comparing  two  variants  (Thble  1)  one  sees  the  first 
one  is  preferable  from  the  point  of  view  smaller  RF  volt¬ 
age  is  needed  to  keep  bunches  short.  On  the  other  hand,  in 
the  second  variant  damping  times  are  smaller  that  is  im¬ 
portant  for  the  injection  and  beam-beam  effects.  The  final 
choice  can  be  done  after  comprehensive  study  problems 
mentioned  above  and  others  such  as  multibunch  instabili¬ 
ties,  broadband  impedance  restriction  etc. 

Fbr  monochromatization  scheme,  the  horizontal  phase 
advance  is  90°  in  a  regular  cell.  Dipole  wigglers  are 
switched  off.  Robinson  wigglers  are  switched  on  in  a  way 
to  reduce  an  emittance  by  increasing  horizontal  damping 
partition  number  Jm  from  1  to  2.  The  value  of  gradient 
in  wiggler  is  G=7.3T/m  and  magnetic  held  B=1.9T.  The 
dispersion  suppressor  is  made  flexible  enough  to  cancel  dis¬ 
persion  in  both  60°  lattice  and  90s  one. 

Tb  make  a  small  beta’s  at  interaction  point  (IP.)  PI  *= 
0.30m  and  /?*  =  0.01m  two  quadrupoles  are  used  in¬ 
stead  of  triplet  [?].  When  changing  polarities  in  quads 
for  monochromator  optics  (Fig.  2),  the  values  of  beta’s 
become  *  0.01m,  P*  =*  0.15m  and  vertical  dispersion 
D*  s  0.36m.  The  preliminary  vertical  separation  is  made 
by  vertical  separator.  The  vertical  distance  between  beam 
axis  in  parasitic  LP.  is  24<ry  for  conventional  scheme  and 
11<7,  for  monochromatization  scheme 

The  chromaticity  correction  is  made  now  for  high  emit¬ 
tance  lattice.  With  60°  phase  advance  per  regular  cell 
6  sextupole  families  have  been  used  to  correct  chromatic 
properties.  The  solution  have  been  found  provides  ±1.6% 
of  energy  acceptance.  The  beam  lifetime  for  conventional 
scheme  is  defined  by  beam-beam  brearostrahlung  predom¬ 
inantly  and,  to  some  extent,  by  neutral  gas  scattering. 
With  longitudinal  acceptance  1.8%  and  average  pressure  in 
vacuum  chamber  of  2  •  10~T  Pa  it  is  of  5  hours.  The  beam 
lifetime  for  monochromatization  scheme  is  defined  by  Tou- 
schek  effect  and  depends  strongly  on  dynamic  aperture.  Its 
estimate  gives  1  +  3  hours  [?],  [?].  The  main  parameters 
of  tau-charm  collider  are  presented  in  Table  1, 
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Monochrom. 

Standard 

scheme 

scheme 

Var.l 

Var.2 

Energy,  GeV 

E 

2.0 

2.0 

2.0 

Luminosity,  cm"asec_1 

L 

8.0-10” 

9.2-10” 

9.4-10” 

C.M.  energy  resolution,  MeV 

0.14 

1.8 

2.4 

Circumference,  m 

c 

378 

378 

378 

Natural  emittance,  am 

fo 

15.1 

Ofifi 

uOO 

393 

Bending  radius  in  arc,  m 

P 

11.5 

11.5 

11.5 

Damping  times,  msec 

TmItJt, 

18/38/38 

43/25/11 

19/19/9.7 

Momentum  compaction 

a 

7.85-10-® 

1.63-10-1 

1.63-10“a 

Energy  spread 

as 

7.18-10-4 

6.23-10-4 

8.50- 10“4 

Tbtal  current,  mA 

I 

441 

516 

536 

Number  of  bunches 

k» 

30 

30 

30 

RF  voltage,  MV 

V 

5 

10 

16 

RF  frequency,  MHz 

fRF 

476 

476 

476 

Harmonic  number 

q 

600 

600 

600 

Energy  losses  per  turn,  kV 

u0 

131 

200 

262 

Bunch  length,  mm 

O, 

7.83 

6.83 

7.47 

Longitudinal  impedance,  Ohm 

1  z./a| 

0.18 

0.21 

0.42 

Beta  functions  at  IP.,  m 

W 

0.01/0.15 

0.30/0.01 

0.30/0.01 

Vertical  dispersion  at  LP.,  m 

0.36 

0. 

0. 

Beam-beam  parameters 

UL 

0.040/0.028 

0.04/0.04 

0.04/0.04 

Ihble  1:  List  of  parameters  of  tau-charm  collider 
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i 

L 

mH 

Dipoles 

48 

585 

11 

wnm 

1700 

Quads  I 

36 

565 

El 

10 

1.8 

1200 

Quads  II 

36 

565 

865 

3 

300 

Sext.  I 

|p5 

86 

140 

8.4 

1.6 

Sent.  II 

13 

115 

185 

8.4 

1.6 

40 

Ihble  2:  Bo  on  ter  Power  Supply  Dates 


III.  Magnet  system 

According  to  the  factory  cyclogram  [?]  the  booster  repeti¬ 
tion  rate  is  25  Hz.  The  ceramic  booster  vacuum  chamber 
is  designed  here  and  the  white-drcuit  type  of  the  resonant 
scheme  of  booster  power  supply  is  adopted.  The  compen¬ 
sation  of  the  pulse  loss  is  realized  by  the  isolation  reactors 
from  the  special  pulse  power  supplies.  The  design  dates  of 
the  booster  power  supply  are  presented  in  Table  2. 

There  are  a  three  subsystems  for  the  system  of  the  power 
supply  of  the  tau-charm  factory  storage  ring.  They  feed:  1) 
superconducting  quadrupoles  and  dypole  wigglers;  2)  sep¬ 
tum  magnets;  3)  dipoles,  quadrupoles,  sextupoles,  Robin¬ 
son  wigglers.  The  third  group  has  a  big  energy  capacitance 
and  is  quit  expensive.  It  consists  of  160  dipole  magnets, 
8  vertical  bend  magnets,  16  wigglers,  234  quads  and  112 


arc  sextupoles.  There  are  a  48  group  for  the  power  sup¬ 
ply  to  this  system.  Each  chain  has  got  a  separate  power 
source.  The  prototype  of  the  power  source  is  DC  Sources 
that  have  been  designed  at  Institute  of  Electrophysical  Ap¬ 
paratus  (St. Petersburg)  and  ”  Electro  technic”  firm  (Tallin, 
Estonia).  The  parameters  of  this  power  sources  allow  to 
get  the  driving  range  (0.6-1.0)-Paom  with  stability  coeffi¬ 
cient  ±10“®. 

The  cores  of  the  storage  ring  magnet  is  made  from  the 
laminated  electrical  steel  (type  2212)  with  thickness  of  1.5 
mm.  The  main  ring  dipoles  have  C-shape  with  the  di¬ 
mensions  440  x  580  mm  with  the  gap  of  60  mm.  and  will 
be  made  from  laminated  electrical  steel  (type  2411)  with 
thickness  of  0.5  mm. 

IV.  Vacuum  system 

The  beam  particle  breamstrahlung  in  the  residual  gas 
atmosphere  contributes  to  the  beam  lifetime  Fbr  the 
typical  residual  gas  composition  (70%  Ha,  20%  CO, 10% 
COj)  and  the  pressure  2-10~7  Pa  vacuum  lifetime  is  about 
30h.  The  gas  loading  is  defined  mainly  by  synchrotron 
radiation  (SR)  desorbtion.  The  photodesorbtion  coeffi¬ 
cient  is  adopted  to  be  equal  to  tj  =  10-#[mol/phot], 
that  corresponds  to  the  dose  of  50  A-h  [7].  Providing 
the  chemical  cleaning  and  heating  of  the  vacuum  cham¬ 
ber  the  outgassing  rate  of  aluminum  doesn’t  exceed  g  * 
10~9[m-Pa/sec],  that  much  less  then  stimulated  desorb¬ 
tion. 
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The  vacuum  chamber  of  tau-charm  factory  is  manufac¬ 
tured  from  aluminum  and  designed  in  such  a  manner  that 
SR  goes  through  next  straight  section  and  is  absorbed  at 
the  bending  magnet  end  (Fig.  2).  The  vacuum  volume 
at  the  bending  magnet  region  is  divided  on  two  parts: 
the  beam  chamber  and  the  antechamber.  The  chamber 
aperture  is  49  x  64mm  and  it  isn’t  varied  along  the  whole 
chamber  length.  The  gap  between  the  beam  chamber  and 
antechamber  has  been  chosen  to  fulfil  the  condition  of 
95%  SR  passing  through.  The  SR  absorber  is  made  as 
water-cooling  couplers  tube  with  extended  surface.  The 
absorbers  have  the  outlet  SR  extracting  windows  for  the 
user  purposes. 

The  stimulated  outgassing  per  a  bending  magnet  is  equal 
to  8-10“®  [m3*Pa/secj.  Using  the  combined  pumps  with 
the  pumping  speed  0.4m3 /sec,  one  gets  the  pressure  about 
2*10~rPa  at  the  absorber  location.  The  additional  pump 
is  used  for  the  pumping  of  the  remaining  part  of  vacuum 
volume  and  provides  the  pressure  at  the  level  2-10_#Pa. 

V.  RF  SYSTEM 

To  compensate  energy  beam  losses  and  to  keep  bunches 
short  500  MHz  superconducting  RF  cavities  is  planned 
to  use.  The  total  value  of  SR  and  HOM  losses  at  en¬ 
ergy  B  —  2.0  GeV  is  of  order  300  kW  and  the  maximum 
RF  voltage  is  of  16  MV  for  one  ring.  The  voltage  am¬ 
plitude  and  phase  tolerances  are  defined  by  beam  qual¬ 
ity  demands.  The  fluctuations  in  voltage  amplitude  en¬ 
hance  beam  spread.  Putting  the  tolerable  increase  of  beam 
spread  5%  one  gets  limitation  for  RF  voltage  fluctuations 
A V/V  <  5  •  10"3.  The  phase  shift  between  RF  modules 
excites  the  synchrotron  oscillations.  Putting  restriction  for 
their  amplitude  to  be  <1  mm,  one  gets  |  6$,  |<  1°. 

The  RF  power  supply  scheme  for  tau-charm  factory  is 
grounded  on  the  principle  of  separate  supply  of  each  cavity 
like  [7].  The  main  questions  are  the  choice  of  an  adequate 
final  stage  amplifier  and  the  feeder  line  design.  Klystrons 
developed  at  "SVETLANA”  (St.Petersburg)  satisfied  tau- 
charm  factory  requirements  and  have  the  following  param¬ 
eters:  output  power  -  80  kW,  frequency  -  500  MHz,  effi¬ 
ciency  -  0.58,  amplification  -  45  dB,  collector  voltage  -  16 
kV,  collector  current  -  8.8  A. 

Each  feeder  line  includes  a  ferrite  circulator  with  a  bal¬ 
last  load,  that  allows  to  refuse  from  phase  shifter  using. 
The  effective  automatic  phase  control  is  provided  by  the 
electronic  phase  shifter  in  a  preliminary  stage  of  a  RF  am¬ 
plifier.  The  main  coaxial  feeder  connecting  a  circulator 
output  and  a  cavity  input  has  the  cross  section  dimensions 
160  x  70  mm  and  the  wave  impedance  50  Ohm.  Thus  the 
RF  power  supplier  consists  of  4  independent  FR  lines  with 
the  total  output  power  320  kW. 
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Fig.  1.  Lattice  functions  in  regular  cell  and  dispersion 
suppressor. 


Fig.  2.  Periodic  cell  scheme  (1-dipole,  2-SR  absorber, 
3-sextupole,  4-quadrupole,  5-pumps). 
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Abstract 

A  versatile  lattice  for  a  tau-charm  factory  working  at  4 
GeV  center  of  mass  energy  with  1033  cm-2  s-1  luminos¬ 
ity  is  considered  in  this  paper.  The  main  goal  of  this 
study  due  to  absence  of  experience  in  this  kind  of  fea¬ 
tures,  is  the  possibility  to  use  easily  the  same  lattice  for  ei¬ 
ther  monochromatization  (low-emittance)  scheme  or  stan¬ 
dard  (high-emittance)  scheme.  This  monochromatization 
scheme  permits  to  reduce  the  spread  of  collision  energies 
at  the  interaction  point  to  the  level  of  0.1  MeV.  In  this  pa¬ 
per  we  consider  a  low-emittance  arc  (10-8  m  rad)  typical 
from  synchrotron  radiation  lattices  and  the  passage  from 
low-emittance  to  high-emittance  (10— 7  m  rad)  is  obtained 
by  detuning  of  the  low-emittance  arc. 

I  MONOCHROMATIZATION  AND 
EMITTANCE 


The  beam-beam  effect  for  the  case  of  a  large  dispersion 
at  the  IP  was  analysed  in  [5]  and  the  following  recommen¬ 
dations  were  pointed  out. 

•  Beams  in  collision  must  be  fiat. 

•  Dispersion  must  be  in  a  plane  where  beams  are  wide 
(easier  matching). 

•  The  beam-beam  parameters  for  a  plane  with  disper¬ 
sion  must  be  less  than  0.04  and  for  a  plane  without 
dispersion  approximately  0.04. 

With  these  requirements  if  we  have  D*  /0  and  D*=0  then 
<r*  4C  cr*  and  (y  <SC  •  From  the  first  look  to  equation  3 
it  seems  that  decreasing  (v  should  result  in  a  fall  of  the 
luminosity  but  if  one  takes  •C  Py  the  total  luminosity 
is  given  essentially  by: 


L-lLtk) 

2ere  V 


(4) 


From  [1]  and  [2]  we  can  deduce  that  a  non-optimized 
monochromatizion  scheme  gives  a  factor  gain  A  in  energy 
resolution,  but  a  loss  by  the  same  factor  in  luminosity. 

Assuming  that  D*_=-D*+=D*  and  D*_— -D’+=0  we 
obtain: 
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with 
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where  A  is  the  gain  factor,  Lo  the  total  luminosity  with 
zero  dispersion  at  the  interaction  point,  <r(  denotes  the 
relative  energy  deviation  of  each  beam  ,  Eo  the  nominal 
energy  per  beam,  k*  the  number  of  bunches  per  beam,  fr 
the  revolution  frequency,  N+_  the  number  of  particles  in 
each  bunch  and  <r*pxy  the  betatron  size  at  the  interaction 
point  (IP). 

To  achieve  a  factor  A  in  energy  resolution,  without  loss 
in  total  luminosity,  it  is  necessary  to  optimize  the  beam 
parameters  as  described  in  the  following. 

The  total  luminosity  can  be  defined  as  a  function  of 
beam-beam  parameters,  Zxy- 


L  = 


JL  tk  +  iz) 

2cre  Py’ 


(3) 


To  preserve  (r  with  enlarged  <r*  one  should  increase  N 
(but  the  possibility  to  increase  N  is  limited  by  the  co¬ 
herent  stability  requirements)  or  reduce  <t*  but  the  latter 
requires  a  low-emittance  lattice.  These  requirements  for 
the  typical  parameters  of  the  Tau-Charm  factory  (Eo=2.0 
GeV,  /£=0.01  m,  (,=0.04,  N=1.2  10n)  set  a  limit  on  the 
maximum  value  of  the  horizontal  emittance  at  the  level 
of  cr  ~l-2  10-8  m  rad.  This  emittance  is  the  typical 
emittance  of  synchrotron  radation  machines  of  the  third 
generation. 

From  [6]  we  can  deduce  that  a  luminosity  at  the  level  of 
L^IO33  cm-2  s"1  for  a  standard  scheme  with  a  flat  beam, 
requires  the  horizontal  emittance  at  2.0  GeV  to  be  of  the 
order  of  €,  ~3-4  10-7  m  rad. 

As  analysed  previously  a  total  luminosity  at  the  level  of 
L-1033  cm-2  s_1  for  both  standard  and  monochromati¬ 
zation  schemes  requires  to  vary  the  emittance  over  a  wide 
range  from  tx  ~l-2  10-8  m  rad  up  to  e,  ~3-4  10~7  m  rad, 
ie.  a  versatile  lattice. 

With  this  philosophy  and  with  FODO  cells  in  the  arc 
two  studies  [3]  and  [4]  have  been  proposed.  In  our  case 
the  idea  is  to  use  DBA  or  TBA  cells  in  the  arc  optimized 
for  low-emittance  and  the  high  emittance  is  achieved  by 
detuning  this  low-emittance  lattice. 


where  I  is  the  total  beam  current,  re  the  classical  electron 
radius,  7=Eo/mc2  and  p*xy  the  values  of  beta  functions  at 
IP. _ 

*On  leave  from  IFIC,  Univ.  of  Valencia-CSIC 


II  VERSATILE  LATTICE 

To  describe  the  lattice  one  can  divide  it  in  three  sections: 
interaction  region,  arc  (DBA  or  TBA)  and  utility  inser¬ 
tion.  The  versatile  lattice  has  been  designed  in  such  a  way 
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Table  1:  Performances  for  both  schemes  and  both  arcs 


E0 

K 

IK 

D; 

K 

6 

Monochr. 
Low- Emit 
2.0 

0.01 

0.15 

0.32 

0.067 

0.04 

0.035 

Standard 

High-Emit 

2.0 

0.3 

0.01 

0.0 

0.033 

0.04 

0.04 

GeV 

m 

m 

m 

DBA 

<r. 

5.42  10"“ 

5.42  10-“ 

f* 

1.93  10"8 

2.97  10"7 

m  rad 

fv 

1.28  10-9 

9.91  10“9 

m  rad 

C 

321.687 

321.687 

m 

k6fr 

27.957 

27.957 

MHz 

Nfc 

1.31  10n 

1.1  10“ 

Is 

0.585 

0.49 

A 

L 

1.09  1033 

8.97  1032 

cm-2s-1 

A 

12.545 

1.0 

0.122 

1.533 

MeV 

TBA 

<7* 

6.81  10““ 

6.81  10^ 

fr 

1.9  10“8 

2.86  10-7 

m  rad 

fv 

1.27  10-9 

9.52  10-9 

m  rad 

C 

387.008 

387.008 

m 

kftfr 

27.886 

27.886 

MHz 

N  6 

1.23  10u 

1.05  10u 

h 

0.551 

0.470 

A 

L 

1.01  1033 

8.43  1032 

cm'V1 

A 

15.834 

1.0 

£u/ 

0.122 

1.926 

MeV 

D  Utility  section 

This  section  has  almost  the  same  length  as  the  insertion  re¬ 
gion.  It  is  made  of  regular  FODO  cells  and  it  is  designed  to 
house  the  RF  cavities,  the  beam  instrumentation  devices 
and  to  locate  additional  sextupoles  to  help  the  correction 
of  chromaticity  should  it  be  necessary. 

The  lattice  functions  in  this  region  for  both  shemes  and 
both  cases  are  shown  on  figures  1-4. 
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that  with  some  additional  quadrupoles  in  the  interaction 
region  and  changing  the  strength  of  the  quadrupoles  it  is 
possible  to  pass  from  monochromatization  optics  to  stan¬ 
dard  optics.  This  is  precisely  the  main  goal  of  this  study, 
ie.  the  possibility  to  use  easily  the  same  lattice  for  either 
monochromatization  and  standard  scheme. 

Two  differents  arcs  DBA  and  TBA  have  been  studied 
with  the  same  interaction  region.  The  description  of  the 
interaction  region,  the  differents  arcs  and  the  utility  sec¬ 
tion  is  accomplish  in  the  following  sections. 

A  Interaction  region 

Standard  choice  of  optics  in  the  micro-beta  insertion  for 
a  Tau-Charm  factory  design  is  used  in  both  schemes 
(monochromatization  and  standard)  [3]  and  [4].  The  dis¬ 
tance  between  the  first  superconducting  quadrupole  and 
the  IP  is  kept  at  0.8  m  to  locate  the  detector,  but  the 
distance  between  the  first  and  the  second  quadrupole  has 
been  reduced  to  avoid  the  growth  of  the  high  beta  func¬ 
tion  in  this  region,  which  is  responsible  for  the  high  vertical 
chromaticity  in  this  kind  of  lattices. 

The  parameters  of  the  micro-beta  insertion  and  the  lat¬ 
tices  functions  in  this  region  for  the  two  schemes  are  shown 
in  table  1  and  on  figures  1-4. 

B  Arc:  DBA 

In  this  first  study  we  have  taken  a  DBA  cell  in  the  arc  with 
a  doublet  in  the  dispersive  section  and  a  triplet  in  the  non- 
dispersive  section  to  have  more  flexibility  in  matching  of 
the  optics,  since  the  same  lattice  is  used  for  both  low  and 
high  emittance  arcs. 

For  the  monochromatization  scheme  the  arc  has  been 
optimized  to  obtain  fx=2  10-8  m  rad  (10  periods)  at 
Eo=2.0  GeV  with  Jx=1.0.  The  change  from  low-emittance 
(e«=2  10-8  m  rad)  to  high-emittance  (ex=3  10~7  m  rad) 
is  achieved  by  decreasing  the  strength  of  the  quadrupoles 
in  the  dispersive  doublet  and  a  mismatch  of  the  dispersion 
in  the  achromat.  This  mismatch  implies  that  Dx  ^0  and 
D’x=0  between  cells  hence  it  is  necessary  to  rematch  the 
dispersion  at  the  entrance  and  exit  of  the  arc;  this  is  done 
by  independent  quadrupoles. 

The  performances  and  the  lattice  functions  of  half  a  ring 
for  both  shemes  are  shown  in  table  1  and  on  figures  1  and  2. 

C  Arc;  TBA  I1] 

For  the  second  study  we  have  used  a  TBA  cell  in  the  arc  .  . 
with  six  quadrupoles  by  half  cell,  three  in  the  dispersive 
section  and  three  in  the  non-dispersive  section.  This  high 
number  of  quadrupoles  permits  to  have  more  flexibility  in 
matching  the  optics. 

As  in  the  previous  case  the  arc  has  been  optimized  to 
have  fx=2  10-8  m  rad  (12  periods)  at  Eo=2.0  GeV  with  [4) 
Jx=1.0,  the  change  from  low-emittance  to  high-emittance 
being  achieved  in  the  same  way  as  in  the  previous  case. 

The  performances  and  the  lattice  functions  of  half  a  ring  [5] 
for  both  shemes  are  shown  in  table  1  and  on  figures  3  and  4. 
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Figure  3:  Lattice  functions  of  half  a  ring  for  monochrom 
atization  scheme,  arc  TBA 


Figure  1:  Lattice  functions  of  half  a  ring  for  monochrom- 
atization  scheme,  arc  DBA 
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Figure  2:  Lattice  functions  of  half  a  ring  for  standard 
scheme,  arc  DBA 
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Figure  4:  Lattice  functions  of  half  a  ring  for  standard 
scheme,  arc  TBA 
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Abstract 

The  strategy  adopted  in  designing  the  DA<I>NE  Interaction 
Regions  is  presented,  and  the  basic  theory  for  the  novel 
compensation  scheme  of  the  high  field  detector  solenoid  is 
discussed.  A  preliminary  mechanical  design  is  also  illustrated. 

I.  INTRODUCTION 

DA<J>NE,  the  Frascati  d>  factory  [1],  is  a  double  ring 
collider  with  a  maximum  number  of  120  stored  bunches.  In 
order  to  avoid  parasitic  crossings  near  the  Interaction  Point 
(IP),  the  beams  cross  at  a  horizontal  angle  of  25  mrad,  whose 
harmful  effects  are  overcome  by  a  large  horizontal  beam  size 
at  the  IP.  To  achieve  the  target  luminosity,  L  =  SxlO-^cm'^s' 
1 ,  the  betatron  coupling  should  not  exceed  1%.  In  the 
following  we  call  Interaction  Region  (IR)  the  part  of  DAd>NE 
shared  by  the  two  rings,  which  corresponds  to  a  total  length  of 
10.1  m.  In  the  IR  the  two  beams  follow  separate  trajectories 
and  they  pass  off  axis  in  all  the  magnetic  elements  crossing 
only  at  the  IP. 

One  IR  is  dedicated  to  the  KLOE  [2]  experiment,  and  the 
other  one  to  FI.NU.DA.  [3],  Three  different  IR  lattices  have 
been  designed:  two  for  the  experiments  and  one  for  com¬ 
missioning.  The  latter  consists  of  two  conventional  quadru- 
pole  triplets.  The  total  IR  first  order  transport  matrix  is  the 
same  for  the  three  designs,  thus  allowing  to  interchange  the 
three  IRs  with  minor  changes  in  the  regular  ring  lattice. 
FI.NU.DA.,  an  experiment  to  study  Hypemuclei,  K-nucleon 
and  K-nucleus  at  very  low  energy,  has  been  approved  lately 
and  its  design  is  still  in  a  very  preliminary  stage.  We  will 
describe  in  the  following  the  KLOE  IR.  The  KLOE  detector  is 
designed  primarily  to  detect  direct  CP  violation  in  K^  decays. 
Its  main  features  are:  a  cylindrical  structure  surrounding  the 
beam  pipe  consisting  of  a  vertex  chamber,  a  large  tracking 
device,  an  electromagnetic  calorimeter  and  a  solenoidal  mag¬ 
net,  in  order  of  increasing  radius,  as  shown  in  Fig.  1 . 


The  magnetic  field,  0.6Tx4.32m,  has  a  strong  effect  on  the 
beam,  due  to  the  relatively  low  energy  of  DAONE  (0.51 
GeV).  Since  a  very  large  solid  angle  is  required,  the  machine 
components  must  be  installed  within  a  cone  of  9°  maximum 
half-aperture.  The  small  vertical  P  value  at  the  IP  is  obtained 
with  a  permanent  magnet  quadrupole  triplet  on  each  side.  A 
sophisticated  compensation  scheme,  including  the  rotation  of 
the  low-P  quadrupoles,  has  been  adopted  to  locally  decouple 
horizontal  and  vertical  betatron  motions. 

II.  ROTATING  FRAME  METHOD 

The  main  effect  of  a  solenoidal  magnetic  field  is  to  focus 
and  to  couple  the  horizontal  and  vertical  betatron  phase  spaces. 
In  the  following  we  refer  to  the  4-dimensional  (x,  x',  y,  y’) 
phase  space.  To  decouple  the  transverse  planes  the  skew 
quaurupole  method  [4]  needs  4  skew  quadrupoles.  In  fact  4  is 
the  difference  between  the  10  degrees  of  freedom  of  a  general 
coupled  4x4  simplectic  matrix  and  the  6  of  an  uncoupled 
block  diagonal  one.  In  our  case,  to  decouple  the  normal  modes 
at  the  IP,  both  the  matrices  corresponding  to  half  IR  before 
and  after  the  IP  must  be  block  diagonal,  so  that  8  skew 
quadrupoles  should  be  necessary. 

The  Rotating  Frame  Method  (RFM)  [5]  in  principle  block 
diagonalizes  a  matrix  with  only  2  independent  parameters. 
This  scheme  cannot  be  exactly  applied  when  the  quadrupoles 
are  immersed  in  the  detector  longitudinal  field  as  it  is  in 
DA<1>NE.  Nevertheless,  the  residual  coupling  can  be  corrected 
by  adopting  a  generalization  of  the  Guignard  scheme. 

A  uniform  solenoid,  with  a  longitudinal  field  Bz,  can  be 
identified,  from  the  optical  point  of  view,  by  its  length  ls  and 
its  normalized  gradient  kz: 


Figure  1.  KLOE  Interaction  Region. 
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Its  transport  matrix  Ps  can  be  expressed  [S]  as  the  product 
of  a  rotational  and  a  focusing  part: 


are  shown  in  Table  1.  The  angle  associated  to  the  KLOE  field 
is  assumed  to  be  positive. 


Ps  =  R(0r)  •  F(0r) 


where  0r  =  kz  ls. 

The  R  matrix  rotates  the  transverse  plane  around  the  longi¬ 
tudinal  direction  by  an  angle  0r: 


R  = 


/  I  cos  0r 


^  -I  sin  0r 


I  sin  0r 
I  cos  0r 


Table  I  -  IR  element  rotations 


Elements 

0 

50 

Ql 

+5.66° 

+0.31° 

02 

+10.15° 

+0.02° 

03 

+14.80° 

+0.27° 

Compensator 

-21.84° 

+0.12° 

where  I  is  the  2x2  identity  matrix.  This  rotation  couples  the 
radial  and  vertical  phase  spaces.  F  is  a  diagonal  block  matrix: 


f  A  0  \ 


F  = 


0  A 


being  A  the  2x2  matrix: 

(  cos  0, 


A  = 


—  sin  0r 
*z 


^  -kz  sin  0r  cos  0r  ) 


Finally,  the  complete  IR  layout,  proceeding  from  the  left 
to  the  right  side  of  KLOE,  is  as  follows: 

-  a  compensator  rotating  the  phase  plane  by  0c+50c, 

-  three  quadrupoles  rotated  by  -(0i+S0D» 

-  the  IP, 

-  three  quadrupoles  with  0j+60i, 

-  a  compensator  with  0c+60c- 

Superimposed  is  the  KLOE  solenoidal  field  which  rotates 
the  normal  modes  by  -28c. 

The  optical  functions  and  the  horizontal  and  vertical  beam 
trajectories  in  half  IR  are  plotted  in  Fig.  2.  The  optical  func¬ 
tions  are  computed  in  a  frame  following  the  rotation  or  the 
normal  betatron  modes. 


Given  the  block  diagonality  of  F,  FR  =  RF.  The  F  matrix 
focuses  both  transverse  motions.  So,  once  fixed  0r,  the  focus¬ 
ing  action  of  a  solenoid  strongly  depends  on  its  length. 

In  the  following  we  limit  our  considerations  to  one  half  of 
the  KLOE  IR.  The  rules  of  the  RFM  are  two: 

1)  The  total  rotating  angle  must  vanish: 

|  Bz  ds  =  0 
IR 

A  compensator  solenoid  at  the  end  of  the  IR,  with  an  an¬ 
gle  0r  opposite  to  the  half  detector  one,  satisfies  this  con¬ 
dition. 

2)  Each  quadrupole  must  be  rotated  exactly  by  the  angle: 

0(z)  =  |  kz  dz 


Figure  2.  Optical  functions  and  beam 
trajectory  in  KLOE  IR. 


where  the  integral  is  calculated  from  the  IP  to  its  longitu¬ 
dinal  position.  This  means  that  each  quadrupole  should  be 
rotated  as  an  helix,  which  cannot  be  easily  accomplished. 
Practically  the  best  one  can  do  is  to  rotate  each  quadrupole 
by  the  angle  corresponding  to  its  longitudinal  midpoint. 

In  order  to  compute  the  matrix  belonging  to  quadrupoles 
immersed  in  a  longitudinal  field,  each  quadrupole  is  repre¬ 
sented  as  a  large  number  of  equally  spaced  thin  lenses,  inter¬ 
leaved  with  small  uniform  solenoids.  The  resulting  IR  matrix 
exhibits,  as  expected,  a  small  residual  coupling  which  must  be 
corrected,  the  design  coupling  being  very  small.  In  order  to 
perfectly  diagonalize  our  system  we  need  4  more  parameters: 
we  choose  three  independent  supplementary  rotations,  50j  (i  = 
1,2,3),  of  the  three  quadrupoles,  plus  a  correction  80c  of  the 
compensator  field.  The  quadrupole  rotations  0j,  the  rotation 
inside  the  compensator  and  their  respective  small  corrections 


III.  LINEARITY  STUDIES 

In  order  to  study  the  linearity  of  our  scheme,  taking  into 
account  that  relatively  low  energy  beams  pass  off  axis  in  the 
magnetic  elements,  a  naif  method  has  been  applied  to  a  pre¬ 
liminary  design  of  the  compensator  solenoid  field  [6].  In  our 
IR's  lattice  design  the  solenoidal  field  on  the  axis  is  approxi¬ 
mated  by  uniform  field  slices.  In  this  model  the  transverse 
field  thin  lenses  are  linear,  and  the  longitudinal  field  does  not 
depend  locally  on  the  distance  from  the  solenoid  axis. 
Therefore  the  total  matrix  does  not  depend  on  the  initial  condi¬ 
tions,  which  is  of  course  an  approximation.  An  analytical 
formula  for  the  field  Bz(0,z)  on  the  solenoid  axis  has  been  ob¬ 
tained  by  fitting  the  numerically  computed  field.  Given  the 
field  Bz(0,z),  in  cylindrical  symmetry,  the  field  in  the  region 
delimited  by  the  iron  and  the  magnet  coils  can  be  calculated 
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from  the  expansion  [7]: 


Bz(^)=Zn(-l)n 

0 


Bt2nI(0^) 

(n!)2 


Br(r^)  =  2n(-l)n  (f)2"'1 


n  Bt2n'1](0.z) 
(n!)2 


where  Bt2nl(0,z)  is  the  2n-th  order  derivative  of  Bz(0,z). 
Derivatives  up  to  the  fifth  order  have  been  retained.  These  ex¬ 
pressions  have  been  used  to  track  large  amplitude  particles  by 
simply  integrating  the  Lorentz  force  equations.  Fig.  3  shows, 
as  an  example,  the  vertical  angle  of  the  trajectory  as  a  function 
of  the  initial  horizontal  position.  We  have  verified  that  the 
system  is  linear  up  to  «•  10  cm  from  the  beam  axis,  providing 
a  good  safety  margin  for  the  divergent  trajectories  of  electrons 
and  positrons  in  the  IR.  For  our  design  values,  the  obtained 
trajectories  agree  very  well  with  the  results  of  tracking 
through  uniform  field  slices,  so  we  are  confident  that  the 
method  used  in  the  calculation  of  the  optical  effects  in  the  IR 
is  correct. 


Figure  3.  Vertical  trajectory  slope  vs. 
horizontal  initial  position. 

V.  MECHANICAL  DESIGN 

The  IR  beam  pipe  is  about  0.7  m  long  and  the  cross-sec¬ 
tion  diameter  ranges  from  68  mm  to  200  mm  in  the  interac¬ 
tion  region;  0.5  mm  thick  pure  beryllium  has  been  chosen  to 
provide  a  very  good  transparency,  in  terms  of  radiation 
lengths,  and  scattering  angle.  The  use  of  beryllium  is  the 
"crucial  part"  of  the  design  as  preventive  maintenance  has  to 
be  minimized  as  well  as  the  risks  during  weldings,  brazings  or 
handlings  of  components  close  to  the  IR  beam  pipe.  An  inner, 
very  thin,  beryllium  strip  shields  the  outer  chamber  to  prevent 
the  rf  power  losses  which  can  lead  to  huge  thermal  loads.  The 
inner  strip  is  one-side  brazed  or  simply  free  to  minimize  its 
thermal  stresses.  Two  rigid  copper  end  flanges  brazed  onto  the 
beryllium  lube  should  prevent  the  buckling  and  make  handling 
of  the  chamber  easier;  at  the  same  lime  the  flanges  may  house 
two  cooling  rings  (water  or  freon  heal  sinks)  which  keep  the 
wall  temperatures  below  a  given  limit. 

An  outer  additional  "inert  gas"  cooling  must  surround  the 
chamber  when  the  machine  is  running  in  order  both  to  avoid 
contact  with  air  and  to  cool  the  chamber  in  the  case  of  possi¬ 
ble  overheating  due  to  an  accidental  disruption  of  the  inner  rf 


shield.  For  this  last  reason  a  smoothly  tapered  outer  shape  of 
the  beryllium  chamber  is  preferred  to  a  spherical  one  even  if 
the  buckling  safety  factor  is  much  lower.  The  possible  above 
mentioned  overheatings  are  strongly  dependent  upon  both  the 
shape  of  the  chamber  and  the  beam  parameters  and  can  cover  a 
potentially  very  wide  range  of  power  losses;  such  hard  and  un¬ 
certain  working  conditions  must  be  carefully  checked  to  assure 
the  safety  norms  otherwise  an  alternative  material  for  the  outer 
chamber  must  be  considered. 

The  inner  50  pm  rf  shield  has  a  small  outward  curvature  to 
prevent  the  synchrotron  radiation  to  illuminate  this  very  thin 
strip.  A  finite  element  analysis  on  the  thin  strip  can  not  be 
easily  carried  out  without  experimental  data  as  the  commonly 
used  failure  criteria  (as  the  maximum  strain  energy  or  the 
maximum  shearing  stress)  lose  their  effectiveness  when  ap¬ 
plied  to  beryllium  foils;  even  if  at  a  first  sight  the  thermal 
stresses  are  small,  a  thermo-structural  study  as  well  as  a  ther¬ 
mal  fatigue  life  expectancy  must  be  carefully  estimated  in  ex¬ 
treme  working  conditions  before  going  on  with  the  design. 
Because  of  the  reasons  herein  described  the  design  of  the  IR 
beam  pipe  is  still  in  a  preliminary  stage. 

The  remaining  part  of  the  beam  pipe  is  made  of  copper  for 
its  good  thermal  conductivity  and  is  shielded  by  a  multi-layer 
super-insulation  material  in  order  to  protect  the  surrounding 
permanent  magnets  during  baking  and  to  make  the  latter  eas¬ 
ier. 

The  low-p  triplet  support  barrel  allows  remote  control  of 
its  degrees  of  freedom  (vertical  and  horizontal  positions  and 
roll,  pitch  and  yaw  angles).  It  will  be  made  of  a  rigid  compos¬ 
ite  material  in  order  both  to  minimize  the  amount  of  material 
inside  the  detector  and  to  obtain  an  acceptable  bending  at  its 
end;  it  will  be  simply  supported  in  two  points:  one  inside  the 
detector,  right  on  the  end  of  the  tracker  cone,  the  other  outside 
the  detector  near  the  compensator  solenoid.  This  support  must 
be  split  across  its  diameter  or  divided  into  three  pieces  to  al¬ 
low  beam  pipe  and  permanent  magnets  installation. 

Each  quadrupole  is  confined  with  two  aluminium  collars. 
The  space  between  the  ion  pumps  and  the  magnet  ends  allows 
TIG  welding  to  close  the  vacuum  chamber  after  the 
quadrupoles  have  been  introduced  around  the  pipe;  of  course 
this  assembly  requires  great  deal,  and  splitting  of  the  perma¬ 
nent  magnets  into  two  parts  is  advisable  in  spite  of  the  need 
for  larger  collars.  The  water  cooled  trim  coils  are  mounted  in¬ 
side  the  inner  collar  of  the  permanent  magnets  and  follows  the 
rotation  of  the  triplet  support;  the  space  at  the  ends  of  the 
coils  needs  a  limited  reduction  in  coil  length  resulting  in 
lesser  turning  ability.  Careful  study  on  the  size  of  the  compo¬ 
nents  and  the  assembly  sequence  must  be  carried  out  to  fulfill 
proper  alignment  requirements;  improvements  on  the  design 
are  still  in  progress. 
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Abstract 

There  are  distinct  physics  advantages  to  using  asymmetric 
<f>  factories  to  test  and  study  CPT  and  CP  violation.  How¬ 
ever,  several  beam  dynamics  issues  remain  to  be  addressed, 
especially  for  the  effects  of  a  high  energy  linac  beam  on  a 
low  energy  target  (most  likely  a  storage  ring  or  a  recircu¬ 
lator  structure).  We  present  a  preliminary  discussion  of 
collider  concepts,  especially  with  regard  to  the  creation  of 
high  luminosities. 

I.  Introduction 

Flavor  Factories  (e+e~)  are  now  established  as  an  impor¬ 
tant  component  of  the  experimental  equipment  required  to 
study  elementary  particles  in  the  future,  with  emphasis  on 
the  study  of  CP  violation,  search  for  CPT  violation  and 
the  detailed  measurement  of  the  parameters  of  the  CKM 
matrix.  To  date,  only  two  types  of  Flavor  Factories  have 
been  studied:  Symmetric  ( <f>  and  Charm-r  Factories)  and 
Asymmetric  (B- Factories  with  a  ratio  of  3:1  for  the  high 
energy  and  low  energy  beams).  We  believe  there  will  be 
a  need  for  very  asymmetric  flavor  factories  (VAFF)  where 
the  ratio  of  beam  energies  may  vary  up  to  20:1  [1,  2].  An 
example  of  such  a  factory  is  the  Asymmetric  <j>  Factory 
where  the  major  innovation  is  to  give  the  Kg  “beam”  a 
Lorentz  boost  7  of  a  factor  of  (3-10). 

Very  asymmetric  collisions  could  be  useful  for  <j>  Facto¬ 
ries,  Z°  Factories,  and  2nd  Generation  B-Factories.  To 
our  knowledge  no  systematic  study  of  VAFF  has  been  car¬ 
ried  out  to  date.  In  this  report,  we  first  discuss  some  of 
the  scientific  motivation  for  VAFF,  including  the  collision 
kinematics.  We  then  discuss  the  various  types  of  colliders, 
especially  with  respect  to  resulting  luminosity  and  beam- 
beam  interaction  dynamics. 

II.  Kinematics  of  VAFF 

The  key  goals  of  <j>  factories  are: 

1.  Measurement  of  {('/(]  ~  10~4; 

2.  Search  for  CP  violation  in  other  decays,  such  as  K °  — ► 
77; 


3.  Search  for  possible  CPT  violation  at  a  very  sensitive 
level, 

<  10-)  . 

All  of  these  goals  require  the  study  of  Kg  mesons  and 
a  detector  with  extremely  good  resolution,  and  are  doc¬ 
umented  in  many  studies  at  UCLA,  Frascati,  KEK  and 
Novosibirsk.  We  have  previously  proposed  an  asymmetric 
4>  factor y[l]  to  simplify  these  measurements  and  have  also 
carried  out  extensive  calculations  for  the  proposed  UCLA 
(Symmetric)  ©  Factory  [3].  In  this  note  we  compare  the 
kinematics  of  symmetric  and  asymmetric  <t>  factories  and 
show  how  the  experimental  precision  can  be  increased  and 
the  detector  simplified  for  the  latter  case. 

We  consider  the  <f>  factory  configuration  shown  in  Fig.  1 
where  a  2  GeV/c  e”  linac  beam  collides  with  a  stored 
130  MeV/c  e+  beam.  A  scintillating  fiber  Pb  detector 
covering  the  angular  region  of  ±60°  is  assumed  for  the 
purpose  of  reference.  This  will  lead  to  a  sharply  reduced 
detector  cost  compared  to  that  for  a  symmetric  <i>  factory. 

The  major  problem  of  studying  Kg’s  at  a  symmetric  <j> 
factory  is  the  very  short  decay  length  compared  with  the 
experimental  resolution  of  final  states,  such  as 

K  -  *V  ,  (1) 

->  77  •  (2) 

Fig.  2  shows  the  decay  length  distribution  for  symmet¬ 
ric  and  asymmetric  collision  energies.  All  new  tests  of 
quantum  mechanics  at  <f>  factories  require  the  insertion 
of  some  material  into  the  beam  in  order  to  perform  the 
measurement^].  An  asymmetric  <f>  factory  allows  inserts 
of  1-2  cm  of  material  and  thus  provides  unique  ways  to 
test  quantum  mechanics. 

Another  comparison  concerns  the  energy  distribution  of 
the  photons  from  reaction  (1)  above.  We  expect  reaction 
(2)  to  give  similar  results.  A  symmetric  <f>  factory  has  a 
very  low  energy  tail  on  the  photon  distribution.  It  is  diffi¬ 
cult  to  detect  photons  with  energy  below  100  MeV  and 
even  more  difficult  those  below  50  MeV  with  high  effi¬ 
ciency.  Also,  the  energy  resolution  improves  as  the  pho¬ 
ton  energy  increases.  In  Fig.  3(a)  we  compare  the  photon 
energy  spectra  for  symmetric  collisions.  Fig.  3(b)  shows 
the  photon  energy  distribution  for  asymmetric  collisions 
and  for  angles  less  than  60#  with  respect  to  the  high  en¬ 
ergy  beam  direction.  The  combination  of  extended  decay 
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2  GeV  Linac  <3=  e+ 

Q-aassa^^isB:  -Q 

e-=0 


130  MeV  Ring 

Fig.  1.  Possible  layout  of  an  asymmetric  ^  factory. 


<  Pfy  Un»  (aw) 

Fig.  2.  Decay  length  for  the  K,  particle  for 
symmetric  and  asymmetric  collision  energies.  In 
asymmetric  case,  the  particles  are  significantly 
boosted.  Symmetric  data  uses  the  left  ordinate, 
asymmetric  data  the  right. 

length  and  harrier  photon  spectrum  considerably  increases 
the  advantage  of  an  asymmetric  <j>  factory,  and  allows  a  rel¬ 
atively  simple  and  inexpensive  detector  which  we  estimate 
will  cost  approximately  10%  as  much  as  the  4t  detector 
proposed  for  the  UCLA  Symmetric  <t>  Factory. 

III.  Various  Asymmetric 
Collider  Concepts 

There  are  three  generic  collider  designs  for  creating  very 
asymmetric  collisions  between  e~  and  e+  bunches  with 
high  luminosity.  These  are  linac-on-ring,  linac-on- linac, 
and  ring-on-ring  colliders.  For  this  discussion,  we  assume  a 
high  energy  electron  beam  and  a  low  energy  positron  beam. 
This  is  advantageous  for  the  production  of  positrons.  The 
details  of  each  design  type  is  quite  involved.  Here  we  wish 


MwwUnwilBOHhOfas  (0*Q 

Fig.  3(a).  Distribution  of  photons  from  Ko  — ► 
x°x°  for  the  symmetric  case.  Photons  accepted 
into  the  ±60°  calorimeter  are  indicated  in  the 
shaded  region. 
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Fig.  3(b).  Distribution  of  photons  from  K o  — * 
x°x°  for  an  energy  asymmetry  of  20:1.  Photons 
accepted  into  the  ±60°  calorimeter  are  indicated 
in  the  shaded  region. 


2052 


Table  1.  Linac-on-Ring  4  Factory  Parameters 


e+  Ring  e~  Linac 


E 

GeV 

0.13 

2 

SB 

m 

9 

9 

I 

Amps 

0.77 

0.0018 

nm 

10,2 

1,  1 

p*,py 

cm 

0.65,  0.13 

6.5,  0.26 

r  =  crjff; 

u 

cm'3  s-1 

0.05,  0.05  13.8,  2.78 

0.2 

1033 

L 

cm-3  s-1 

0.2  x  1033 

to  suggest  some  strengths  and  weaknesses  of  each,  espe¬ 
cially  with  regards  to  creation  of  high  luminosities  (L  « 
1033  cm-3  s-1)  at  the  mass  of  the  4  (Ecm  =  1020  GeV). 

The  linac-on-ring  option  may  be  the  most  economical. 
New  technologies  make  the  the  2  GeV  linac  seem  reason¬ 
able,  as  would  be  a  0.13  GeV  ring.  The  converse,  beam 
collisions  from  a  high  energy  e+  ring  on  a  lower  energy 
e~  linac  have  been  studied  as  an  option  for  B-Factories 
[5,  6].  Some  work  suggests  an  instability  would  develop  in 
the  ring  beam  from  jitter  in  the  linac  beam,  for  the  high 
energy  ring  case  [7],  which  would  also  be  a  problem  for  the 
low-energy  ring  case. 

For  collisions  in  the  low-energy  ring,  the  luminosity  is 
limited  by  the  beam-beam  tune  shift  of  the  positron  beam. 
Table  1  gives  some  parameters  used  to  give  an  approximate 
luminosity  of  1033  cm-3  s-1.  The  variation  of  the  longitu¬ 
dinal  distribution  during  the  collision,  the  “bow-tie”  effect, 
for  a,  ~  1cm,  decreases  this  to  0.2  x  1033  cm-3  s'1.  The 
luminosity  without  this  effect  is  given  by 

Lq  =  2.17  x  lO34^  +  r)(EI/^)+  cm"3  s"1  ,  (3) 

where  £  is  the  beam-beam  tune  shift,  r  is  E  is  the 

energy  in  GeV,  I  is  the  current  in  Amps,  /3J  is  given  in  cm, 
and  the  beams  sizes  are  transversely  matched.  To  regain 
this  lost  factor,  short  bunches  are  desired  such  that 
is  of  the  order  unity.  Using  the  smaller  energy  asymmetry 
of  10:1  and  doubling  the  (3*  would  decrease  the  bow-tie 
effect  and  increase  the  luminosity.  Smaller  bunch  lengths 
might  also  be  possible  in  the  ring  using  strong  RF  and/or 
a  lower  momentum  compaction  factor. 

The  parameters  in  Table  1  push  the  state  of  the  art  in 
several  places.  The  emittances  for  the  e+  bunch  in  the  ring 
are  small  for  such  a  high  current,  low  energy  beam.  Also 
the  frequency  with  which  the  linac  must  deliver  electrons  to 
the  interaction  point  is  quite  large.  This  could  be  achieved 
with  many  bunches  in  the  linac  for  a  single  RF  fill  time, 
by  using  a  superconducting  linac.  A  microtron  accelerator 
might  also  be  used  to  deliver  low  current,  small  emittance 
bunches  with  a  9  m  spacing. 

The  linac-on-linac  option,  or  linac-on-ring  with  collisions 
outside  the  ring,  would  avoid  the  above  beam-beam  tune 
shift  limit  on  the  positron  beam.  This  allows  the  linac 
intensity  to  increase,  however  the  lost  collision  frequency 
drastically  decreases  the  luminosity.  This  assumes  that 


the  positrons  are  created  and  damped  after  each  collision. 
Efficient,  effective  recirculation  of  the  positrons  after  col¬ 
lision  would  increase  the  collision  frequency  increasing  the 
luminosity. 

For  the  ring-on-ring,  the  luminosity  is  reduced  because 
the  positron  current  must  be  lowered  in  order  to  keep  the 
electron  tune  shift  below  0.05.  The  positron  current  is 
limited  to  0.0138  Amps  giving  a  luminosity  of  L  ss  2.6  x 
1031cm_3s-1,  where  all  the  other  parameters  are  the  same 
as  in  Table  1. 

We  have  not  made  an  attempt  to  do  more  than  discuss 
superficially  the  different  options  for  a  <t>  factory  with  an 
energy  asymmetry  of  20:1.  However,  the  particle  physics 
that  can  be  accomplished  at  an  asymmetric  4  factory  is 
compelling  and  complimentary  to  the  program  at  the  Fras- 
catti  symmetric  4  Factory.  No  real  conclusions  can  be 
made  now  about  the  best  kind  of  collider  to  use,  though  it 
is  clear  that  all  the  options  presented  above  would  need  to 
push  technological  limits  to  reach  the  desired  luminosity 
of  10 33  cm'3  a"1. 
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I.  INTRODUCTION 

The  MIT-Bates  South  Hall  Ring  construc¬ 
tion  project  is  now  nearly  complete.  At 
this  time  the  Energy  Compression  System,  the 
SHR  Injection  Line  and  the  South  Hall  Ring 
Itself  are  complete.  The  SHR  Extraction 
Line  is  complete  but  has  not  been  connected 
to  the  ring.  Commissioning  with  beam  of  the 
completed  beam  lines  has  been  started. 

The  MIT-Bates  South  Hall  Ring  (SHR)  is 
an  electron  storage  ring  used  with  the  1  GeV 
Bates  electron  accelerator  [1]  to  increase 
the  effective  duty  factor  and  luminosity. 
A  beam  can  be  stored  for  use  with  an  internal 
target,  thus  allowing  for  high  duty  factor, 
high  luminosity  experiments.  External  beams 
with  high  duty  factor  can  be  obtained  using 
resonant  extraction.  References  [2]  and  [3] 
describe  some  aspects  of  the  SHR  design 
features.  A  layout  of  the  190m  circumference 
ring  and  associated  new  beam  lines  is  shown 
in  figure  1. 


Figure  1.  SHR  Layout.  Injection  from  the  left. 

The  new  systems  associated  with  the  SHR 
Include  the  Energy  Compression  System 
(ECS) [4],  the  Injection  line,  and  the 
Extraction  line.  We  have  commissioned  the 


ECS,  the  new  injection  line  and  the  SHR 
without  Rf.  This  includes  transporting 
beam,  measuring  beam  phase  space  parameters, 
using  critical  injection  elements  including 
a  high  voltage  electrostatic  septum,  and  a 
fast  beam  kicker,  and  storing  a  beam  in  the 
SHR. 

II.  Injection  Line  Commissioning 

The  injection  line  directs  the  beam  to 
the  ring  and  prepares  the  beam  phase  space 
for  appropriate  SHR  injection.  It  uses  two 
achromatic  bends  and  a  phase  space  telescope 
as  shown  in  figure  1.  The  instrumentation 
in  the  injection  line  allows  automatic  phase 
space  measurements  and  adjustment  for 
optical  matching  to  the  ring. 

Beam  has  been  transported  through  the 
injection  line  to  the  ring.  T  .e  phase  space 
has  been  measured  and  adjusted  with  the 
appropriate  quadrupoles  [5],  The  method  of 
phase  space  measurement  includes  the  vary 
quad  technique  [6],  and  using  three  lutes 
within  the  beam  line  [7].  Part  of  the 
commissioning  studies  has  been  devoted  to 
understanding  the  sensitivities  of  these 
measurements.  The  measurements  have  ver¬ 
ified  a  beam  emittance  of  0.02n  mm-mrad  at 
330  MeV,  with  beta  functions  below  100 
meters. 

III.  ECS  Commissioning 

The  ECS  uses  a  four  dipole  chicane  and 
accelerating  section  to  convert  energy 
spread  to  phase  spread  thereby  reducing  the 
beam  energy  spread  and  energy  centroid 
fluctuation.  Thus  far  there  has  been  one 
shift  devoted  to  ECS  commissioning.  The 
results  in  that  time  have  been  very 
encouraging.  A  target  was  used  at  a  location 
with  high  dispersion  (10cm/%)  to  observe  the 
beam  spot.  The  beam  was  transported  through 
the  ECS  without  complication.  The  resulting 
beam  spot  is  shown  in  figure  2  below.  The 
energy  defining  slits  were  set  to  allow 
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transmission  of  a  beam  with  energy  spread 
of  0.4%.  The  beam  spot  on  target  was 
consistent  with  that. 

Turning  on  the  Rf  power  to  the  appropriate 
level  for  energy  compression  resulted  in  a 
reduction  of  the  beam  spot  size  as  shown  in 
figure  3. 


Figure  2  and  3.  Dispersed  beam  spot  without  and  with  ECS  Rf 

The  final  energy  compressed  beam  spot  size 
was  consistent  with  about  0.04%  full  energy 
spread.  However  this  spot  size  was  also 
consistent  with  the  monochromatic  beam  spot 
size.  This  was  proven  by  reducing  the 
opening  of  the  energy  defining  slits  without 
seeing  a  further  reduction  in  the  beam  spot 
size. 

IV.  SHR  Commissioning 

The  SHR  has  sufficient  hardware  and 
controls  for  initial  beam  injection  and 
storage  studies.  This  includes  one  magnetic 
and  one  electrostatic  septum  for  injection, 
and  a  fast  (20nse c)  kicker  with  a  1.3  usee 
flatop.  Ten  button  type  BPMs  and  ten  low 
impedance  stripline  type  BPMs  [8]  were 
installed  along  with  11  TV  flip  targets. 
There  were  six  sets  of  BPM  electronics. 
Without  Rf,  it  was  expected  that  the  storage 
time  would  be  determined  by  synchrotron 
radiation  losses.  At  the  330  MeV  injected 
beam  energy  and  a  ±0.8%  energy  aperture, 
this  corresponds  to  roughly  23000  turns  or 
about  15  msec  of  beam  storage  time. 

A.  First  Turn 

Transporting  beam  for  the  first  turn  was 
straightfoward.  All  quadrupoles  were  set 
at  design  values.  Once  the  dipole  values 
were  set  in  the  first  90°  arc,  the  dipoles 
in  the  other  arcs  were  set  to  the  same  values. 
The  beam  was  transported  easily  (with 


minimal  steering  corrections)  to  each 
screen.  It  was  found  that  in  one  arc,  three 
quadrupoles  (out  of  85  installed  in  the  ring) 
were  incorrectly  wired.  The  entire  pro¬ 
cedure  lasted  a  few  hours  and  the  beam  was 
successfully  transported  through  one  turn. 

B.  Storage 

The  first  turn  was  accomplished  using  a 
pair  of  steering  correctors  to  obtain  the 
required  kick.  Even  so,  the  first  turn  beam 
immediately  appeared  to  circulate  three 
turns  (with  some  beam  loss).  With  a  small 
adjustment  of  the  closed  orbit  (ring 
correction  dipoles)  the  beam  circulated  for 
several  turns. 

When  the  kicker  was  activated  and  properly 
timed,  the  beam  stored  for  several  milli¬ 
seconds.  With  appropriate  matching  of  the 
beam  energy  and  the  SHR  dipole  settings  and 
closed  orbit  adjustments,  the  beam  was 
stored  for  a  time  consistent  with  syn¬ 
chrotron  radiation  losses  or  about  30,000 
turns.  The  total  procedure  lasted  several 
hours. 

Examination  of  the  beam  storage  behavior 
with  the  instrumentation  available  proved 
useful.  Figures  4,  5  and  6  below,  show  the 
stored  beam  using  three  different  monitors. 
One  of  these  monitors  was  a  toriod  current 
transformer.  This  measured  the  AC  component 
of  the  current  in  the  ring.  Another  monitor 
used  was  a  BERGOZ  DCCT  which  had  a  response 
time  of  several  microseconds  and  measured 
the  DC  current.  The  third  was  a  BPM  which 
was  sensitive  to  the  rf  structure  of  the 
beam  and  responded  only  as  long  as  the  rf 
structure  was  sufficient.  The  SHR  has  a 
momentum  compaction  of  0.029  and  therefore 
it  was  not  expected  that  this  signal  would 
last  long. 

The  DCCT  showed  a  constant  current  stored 
in  the  ring  until  the  synchrotron  energy 
losses  caused  the  beam  to  be  lost  on  the 
walls  in  the  region  of  large  dispersion. 
The  toroid  showed  no  visible  losses  in  the 
first  hundreds  of  turns.  The  toriod  did 
indicate  a  pulse  shortening  (which  was 
reduced  when  using  the  ECS).  This  may  be 
indicative  of  a  time  dependence  of  beam 
energy  in  that  region.  The  current  output 
from  the  BPM  lasted  for  a  few  milliseconds, 
longer  than  had  been  expected.  However  this 
is  not  inconsistent  with;  a)  a  smaller  energy 
spread  of  the  beam  within  a  single  pulse 
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several  turns. 
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Figure  5.  Upper  trace  Is  beam  current  signal  from  stripline 
BPN,  lower  trace  Is  current  signal  from  toriod. 
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than  the  average  energy  spread  integrated 
over  many  pulses  (as  the  energy  spread  is 
normally  characterized)  or  b)  a  larger 
component  of  the  charge  located  in  a  smaller 
part  of  the  longitudinal  phase  extent  of  the 
beam.  Test  were  made  with  up  to  40  mA  peak 
injected  current. 

V.  Plans 

The  ring  rf  cavity  has  recently  been 
completed  and  delivered.  When  installed 
storage  times  will  no  longer  be  limited  by 
synchrotron  losses  and  can  be  measured.  The 
second  fast  kicker  which  will  allow  two  turn 
injection  is  nearly  completed.  Within  a  few 
months,  this  will  allow  commissioning  with 
the  full  design  80ma.  The  SHR  octupoles  are 
currently  under  test  and  the  extraction 
septa  are  also  under  construction.  Within 
a  few  months  the  first  extraction  studies 
should  commence. 
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Figure  6.  Currect  signal  of  Stored  Beam  from  DCCT  for  three 
successive  Injections. 
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Abstract 

Struktural  and  engineering  designs  of  the  PSR-2000  are 
completed  on  the  whole.  Stands  for  investigations  magnetic, 
vacuum,  RF  elements  as  well  as  some  experimental  units  are 
constructed.  In  the  design,  the  first  stage  of  realization  is 
determined.  It  will  allow  us  to  obtain  a  continuous  electron 
beam  with  energy  of  1.5  GeV  and  average  current  of  5pA, 
and  to  start  nuclear  investigations  in  the  existing 
experimental  hall.  Engineering  and  technological  problems 
are  discussed  in  this  report. 

I  INTRODUCTION 

The  currently  central  problem  of  the  accelerator  physics 
and  engineering  is  the  production  of  continuous  electron 
beams  of  energies  ranging  from  a  few  MeV  to  several  GeV. 
Such  beams  are  required  for  investigating  the  subnuclear 
degrees  of  freedom  in  the  nucleus.  The  design  work  for  the 
pulse  stretcher  ring  PSR-2000  at  the  output  of  the  operating 
at  Kharkov  2 GeV  electron  linac  [1]  was  started  several  yeas 
ago.  The  basic  design  parameters  of  the  setup  have  been 
given  in  [2,3];  the  operation  of  the  PSR-2000  in  mode  of  low 
radiation  emittance  as  a  source  of  synchrotron  radiation  has 
been  considered  in  [4],  By  the  present  time  the  engineering 
aspect  of  the  design  is  completed. 

II  GENERAL  DESCRIPTION  AND  DESIGN 
PARAMETERS 

The  magnet  lattice  of  the  PSR-2000  consists  of  four 
superperiods  ensuring  the  achromaticity  of  straight  sections. 
Each  superperiod  comprises  8  dipole  and  12  quadrupole 
magnets.  To  compensate  the  chromaticity,  each  arc  section 
has  4  sextupole  lenses,  and  each  straight  section  comprises 
one  sextupole  lens  to  adjust  the  amplitude  and  the  phase  of 
the  16th  harmonic  of  the  sextupole  field  during  a  slow 
extraction  at  the  third-order  resonance.  The  detuning  of 
betatron  oscillations  and  adjustment  of  the  angle  of  extraction 
are  corrected  by  means  of  pulsed  quadrupole  and  sextupole 
lenses.  The  achromatic  and  chromatic  regimes  of  slow 
extraction  were  optimized  by  the  use  of  the  DeCA  package 
[5],  The  beam  injection  to  the  ring  is  carried  out  with  septum 
magnets  bringing  the  beam  on  the  reference  orbit  perturbated 
by  three  pulsed  bump  magnets.  The  reference  orbit  in  the  two 
planes  was  corrected  with  30  dipole  correctors. 

The  RF  system  is  based  on  4  sections,  each  consisting  of 
Q-shape  cell.  The  operating  frequency  is  699.3MHz,  the 


power  of  each  of  four  klystrons  is  100  kW,  the  accelerating 
voltage  is  3  MV.  The  beam  parameters  are  monitored  by 
pickup  stations,  RF  and  magnetoinduction  transducers, 
against  synchrotron  radiation,  etc.  The  basic  structural 
material  of  the  vacuum  chamber  is  an  aluminum  alloy.  The 
chamber  is  elliptical  in  the  cross  section,  the  semiaxes  being 
70  and  19  mm.  In  the  dipole  magnets  of  the  storage  ring  the 
chamber  with  an  antichamber  is  used.  The  PSR-2000  design 
incorporates  the  arrangement  of  an  internal  jet  target  with  an 
appropriate  detecting  equipment,  the  systems  of  photon 
tagging  and  monochromatic  gamma-photon  beam  production 
through  Compton  interaction  of  laser  light  with  the  electron 
beam.  The  main  parameters  of  the  PSR-2000  are  presented  in 
Table  1. 


Table  1 


Parameter 

Stretching 

mode 

Beam  energy,  GeV 

0.5... 3.0 

0.75. ..2. 5 

Stored  current,  mA 
(multibunch  mode) 

140 

400 

Average  current,  pA 

30 

- 

Emittance,  mrad 

-horizontal 

-vertical 

io-7 

10-8 

(2...15)  10-8 
(2...  15)  10~9 

Duty  factor 

0.9 

- 

Energy  spread,  % 

0.1 

- 

Momentum 
compaction  factor 

0.048 

0.021 

Orbit  length,  m 

214.78 

214.78 

The  report  on  the  state  of  the  setup  design  has  been 
presented  at  the  European  Particle  Accelerator  Conference 
EP AC-92  [6],  but  for  the  last  year  the  project  has  undergone 
substantia)  changes  due  to  the  following  circumstances.  The 
realization  of  the  project  in  its  full  scale  would  recuire,  apart 
from  the  construction  of  the  PSR-2000,  the  updating  of  the 
linear  accelerator  now  in  service  and  the  construction  of  new 
experimental  halls.  In  this  connections,  two  stages  are 
allowed  for  the  implementation  of  the  project.  The  first  stage 
provides  for  a  continuous  beam  of  energy  up  to  1.5  GeV  and  a 
current  up  to  5  pA.  This  can  be  reliable  attained  by  using  the 
linear  accelerator-injector  and  the  existing  facilities  in  the 
operating  experimental  halls.  The  setup  is  mounted  in  a 
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skeleton-type  structure,  which  also  comprises  two  halls  for 
conducting  synchrotron  radiation  experiments.  The  design  of 
the  structure  is  such  that  it  allows  its  subsequent  development 
as  needed.  Besides,  we  have  adopted  in  the  project  the 
concept  of  a  demontable  biological  shield.  This  allows  us  to 
start  the  commissioning  of  the  facility  at  a  shield  thickness  of 
Im,  with  its  further  build-up  as  the  beam  intensive  grows.  In 
the  sections  where  the  beam  losses  exceed  the  average  value, 
the  local  shield  is  built.  The  general  arrangement  of  the  PSR- 
2000  units  at  the  1st  stage  is  shown  in  Figure  1. 

III.  CURRENT  STATUS  OF  THE  PSR-2000 

The  development  of  the  1st  stage  of  the  PSR-2000 
construction  is  completed.  All  equipment  necessary  for 
commissioning  the  setup  is  devised.  Test  beds  are  created  to 
investigate  magnetic  systems,  vacuum  and  RF  systems  as  well 
as  diagnostics  tools.  Pilot  samples  of  the  699.3  MHz  RF 
klystron  with  a  meanpower  of  100  kW  as  well  as  the  vacuum 
chamber  of  beam  transport  lines  and  straight  sections  of  the 
ring  are  made.  Machine-tool  attachment  are  made  to  fabricate 
the  dipole-magnet  vacuum  chamber.  The  scale  models  of 
beam  diagnostics  components  are  made. 

IV  CONCLUSION 

The  design  work  in  extent  necessary  for  realizing  the 
scope  of  the  1st  stage  is  completed.  Now  the  pilot  components 
are  being  fabricated,  though  at  not  such  a  good  pace  as 
desired,  this  being  due  to  many  economical  difficulties.  The 
realization  of  the  project  will  depend  on  how  successfully  the 
problems  of  financing  the  setup  construction  and  fabrications 
of  the  equipment  will  be  solved. 
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Figure  1.  Layout  of  the  PSR-2000.  1  -  laboratory  with 
underground  synchrotron  radiation  hall;  2  • 
PSR-2000  ring;  3  -  main  hall;  4  -  synchrotron 
radiation  hall. 
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I.  INTRODUCTION  The  electron  gun  beam  with  the  energy  of  100  keV 

passes  through  the  chopper-buncher  system  and  then  is 
Continuous  wave  (CW)  race-track  microtron  (RTM)  accelerated  in  the  capture  section  and  preaccelerator  up  to 
with  the  maximum  output  energy  of  175  MeV  and  beam  the  energy  of  6  MeV.  The  6  MeV  beam  enters  the  main 
current  100  mcA  is  under  construction  at  the  Institute  of  linac.  After  the  first  acceleration  up  to  12  MeV  the  beam  is 
Nuclear  Physics  of  Moscow  State  University  [1  ].  The  main  reflected  and  accelerated  in  the  opposite  direction  up  to  18 
parameters  of  the  RTM  are  listed  in  Table  1 ,  its  plan  view  MeV.  Then  the  beam  enters  the  first  orbit  of  recirculation, 
is  shown  in  fig.  1 .  This  scheme  allows  us  to  provide  sufficient  beam  clearance 

Table  1.  The  main  parameters  of  the  RTM  from  the  linac  on  the  first  orbit.  Compensation  of  beam 

Injection  energy . 6  MeV;  displacement,  because  of  the  influence  of  the  injection 

Energy  gain  per  pass . 6  MeV  magnet  M8  and  mirror  magnets  M9,  M10,  is  achieved  by 

Maximum  number  of  passes . 27  means  of  correct  choice  of  effective  lengths  and  fields  of 

Output  energy . „.3.....  24-175  MeV  Mil  and  M12  magnets. 

Energy  spread . 10  -  10  Electron  gun  [2  ]  consists  of  a  large  anode  and 

Transverse  beam  emittance . 0.05  mmxmr  focusing  electrodes  confined  in  a  cylinder  with  the  diameter 

Maximum  current . lOOmcA  of  300  mm  made  of  magnetic  steel  which  serves  as  a 

Increase  of  orbit  circumference  per  turn .  1  X  magnetic  shield  and  vacuum  vessel.  High  voltage  and 

Distance  between  end  magnets . 10  m  heating  current  are  supplied  through  a  special  cable  with 

End  magnet  field .  1.027  T  high  voltage  conjunction.  Cathode,  made  of  impregnated 

End  magnet  weight,  each . 18  t  tungsten,  has  a  3.2  mm  diameter  of  active  surface. 

Length  of  linac . 6.24  m  Measured  beam  emittance  at  the  energy  of  100  keV  is  5.8 

Effective  shunt  impedance . 78MOhm/m  mmxmrad  [3].  Maximum  beam  current  is  10  mA,  high 

Number  of  klystrons . 12+1  voltage  stability  +0.1  keV. 

RF  frequency . 2450  MHz  The  beam  parameters  are  controlled  by  wire 

Total  rf  power  consumption . 205  kW  scanners  [4  J,  luminescent  screens  and  by  rf  beam  position, 

current  and  phase  monitor  [5  ]. 

II.  RTM  DESCRIPTION.  Chopper  -  bunclmr  system  is  intended  for  forming 

electron  bunches  of  10  bunch  length,  +2  keV  energy 
Thecw  RTM  consists  of  the  following  main  systems:  spread,  4-5  mmxmrad  transverse  emittance,  and  lOOmcA 
injector,  consisting  of  electron  gun,  chopper-buncher,  mean  current  from  100  keV  continuous  electron  beam  [6]. 
capture  section  and  preaccelerator;  injection  transporj  line;  Two  types  of  accelerator  structures  were  tested  for 

main  linear  accelerator  located  between  two  180  end  RTM  project  -  an  on-axis  coupled  structure  and  a  disk  and 
magnets;  rf  system;  cooling  and  thermoregulating  system;  washer  structure  (DAW)  with  radial  stems.  The  results  of 
beam  monitors;  control  system. 

!  I  J  l  C  I  0  1 

Fig.  1. 

Plan  view  of  the  cw  race- track 
microtron. 
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investigation  of  DAW  structure  are  described  in  ref.  17  ]. 
During  these  investigations  the  problem  of  parasitic  modes 
was  solved,  but  considerable  reduction  of  effective  shunt 
impedance  Zi  of  this  structure  because  of  the  radial  stems 
makes  it  difficult  to  use  this  structure  for  cw  machines. 

An  on-axis  coupled  structure  was  adopted  for  RTM 
project.  The  calculated  values  of  the  quality  factor  and  the 
effective  shunt  impedance  Q  =17500,  ZT2  =92  MOhm/m, 
respectively  [8,14],  This  calculation  doesn’t  take  the 
influence  of  the  coupling  slots  into  account. 

The  schematic  view  of  a  standard  accelerating 
section,  which  is  comprised  of  17  accelerating  and  16 
coupling  cells,  is  shown  in  fig.  2.  The  section  is  cooled 
through  40  circumferential  4  mm-diameter  channels  bored 
along  the  axis  on  the  periphery  of  the  cells;  the  rf  power 
input  cell  is  cooled  separately.  For  field  control,  a  rf  probe, 
located  at  the  rf  power  input  cell,  is  used.  Plungers  for 
resonant  frequency  tuning  are  absent. 


Fig.  2.  Construction  of  accelerating  section. 

The  first  neighbour  coupling  constant  of  4.4  %  was 
obtained  with  the  coupling  slots  located  at  the  cavities’ 
web^,  one  slot  for  each  web,  having  an  azimuthal  span  of 
55. 6V  .  The  orientation  between  adjacent  coupling  slots  is 
180.  The  tuning  of  the  cells  was  carried  out  by  lathe 
turning  before  brazing  and  by  deforming  the  webs  of  the 
detuned  cavities  after  brazing.  Total  number  of  fabricated 
sections  with  0=1  is  11.  The  measured  effective  shunt 
impedance  for  all  the  sections  is  78  +3  MOhm  /m  and 
intrinsic  quality  factor  is  15  000  +  500. 

A  block  diagram  of  the  rf  power  supply  system  [9  ]  is 
shown  in  fig.3.  The  reference  signal,  which  is  generated  at 
the  rf  frequence  of  2449.600  MHz  by  a  stabilized  oscillator 
excites  a  3  kW  klystron.  The  klystron  output  power  level 
may  be  changed  by  a  computer  controlled  attenuator. 
Chopper  cavities  C 1 ,  C2  and  the  buncher  B  are  excited  from 
the  reference  signal  line  through  directional  couplers  with 
10  dB,  10  dB,  and  24  dB  attenuation,  respectively.  The 
klystrons  supplying  the  accelerating  sections  are  excited 
through  directional  couplers  with  33  dB  attenuation. 

Each  of  the  rf  power  supply  channels,  one  for  each 
accelerating  section,  has  a  phase  shifter,  a  rf  unit,  a 
klystron,  a  circulator  with  water  dielectric  load,  and  a 
directional  coupler  for  controlling  incident  wave. 

The  rf  unit  is  made  up  on  the  basis  of  microstripe  rf 
devices  such  as  a  p-i-n  attenuator,  a  phase  shifter  in  the 


form  of  a  meander  line  on  a  ferrite  layer,  two  phase 
detectors  combined  with  phase  shifters  for  selecting  the 
phase  detectors  operating  points,  several  diodes,  a  5  W  rf 
amplifier  and  other  rf  devices.  The  rf  unit  forms  the 
klystron  input  signal  as  well  as  signals  for  phase,  amplitude 
and  resonant  frequency  control  systems  of  the  linac,  made 
as  local  analog  computer  control  subsystems.  An  important 
function  of  the  rf  unit  is  to  ensure  a  simple  and 
straightforward  start-up  of  the  accelerating  sections  [101. 
The  basic  klystron  parameters  are  listed  in  table  2. 

TABLE  2 

Operating  frequency . 2450  MHz 

Maximum  output  power  . 22  kW 

Gain  . 40  dB 

Efficiency . 55  % 

Beam  voltage  . 10  kV 

Beam  current . 4  A 

Focusing . By  permanent  magnets 

The  construction  of  bending  magnet  is  shown  in 
fig.4.  It  consists  of  main  yoke,  reverse  field  yokes,  poles, 
separated  from  the  main  yoke  by  homogenizing  air  gap ,  the 
main  coils,  and  reverse  field  coils.  Sheems  are  placed  in  air 
gaps  between  main  yoke  and  poles.  The  configuration  and 
mass  of  main  yoke,  position  of  reverse  field  yokes, 
thicknesses  of  air  gaps,  :heems  and  poles  were  optimized 
by  “FEM12B”  code  [11 J.  The  height  of  poles’  gap  was 
chosen  to  be  60  mm  in  order  to  leave  enough  space  for 


Fig.  4.  Construction  of  bending  magnet. 
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vacuum  chamber  and  correcting  plates.  The  size  of  poles  is 
1500x700  mm  .  Magnets  were  fabricated  from  steel  10. 
Vacuum  chambers  were  made  of  aluminum  alloy.  Special 
computer  controlled  coordinate  table  with  Hall  probe  was 
designed  for  field  measurements.  The  accuracy  of  probe 
movement  by  step  motors  in  two  directions  is  about  0.05 
mm.  The  measurements  of  field  uniformity  are  in  progress. 

Control  system  is  described  elsewhere  [12  J.  The 
function  of  the  control  system  of  the  microtron  is  to  support 
means  for  an  easy  programming  of  accelerator’s  behavior, 
when  being  adjusted,  and  to  meet  requirements  of 
experimental  work.  Local  feedback  loops  are  needed  to 
control  parameters  of  RF  accelerating  sections. 

Performance  of  the  6  MeV  injector  is  described  in 
ref  [131.  The  injector  linac  (fig.l)  comprises  a  capture 
section  consisting  of  17  accelerating  cells  of  a  biperiodic 
on-axis  coupled  structure  with  tapered  0,  and  five 
accelerating  sections  of  17  accelerating  cells  each  with  0=1. 
The  beam  is  focused  by  a  solenoidal  lens,  L7,  and  a 
quadrupole  pair,  Q1  Q1  ’  .  In  or^er  to  measure  the  beam 
energy  and  energy  spread,  a  45  dipole  magnet  is  used. 
Fig.5  shows  the  beam  photos  after  three  accelerating 
sections  ,  at  the  exit  of  the  linac,  and  after  the  dipole 
magnet.  In  the  last  case,  the  beam  energy  was  6.2  MeV.  The 
beam  dispersion  of  3.5  mm  corresponds  to  the  energy 
spread  of  +20  keV.  The  minimum  energy  spread  of  +15 
keV  was  obtained  at  the  energy  of  6  MeV. 


a)  Energy  3.4  Mcv 


2.S  mm 


[ 

■ 

2.6  mm 

b)  Energy  6.2  Mev 


2.4  mm 


c)  Energy  6.2  Mev 


1  mm 


Fig.  5. 


The  dependence  of  beam  dispersion  from  the  last 
section  accelerating  phase  was  used  to  estimate  the  electron 
bunch  phase  length.  Since,  as  far  as  such  a  bunch  has  a 
finite  phase  length,  an  additional  energy  spread  occurs 
when  the  bunch  is  shifted  relative  to  the  last  section 
accelerating  field  maximum.  Fig.6  shows :  a)  beam  energy, 
b)  energy  spread,  c)  estimates  of  the  bunch  phase  length  - 


Fig.  6. 

Calculated  and 
measured 
dependencies  of 

a)  energy  of  the 
beam; 

b)  energy  spread  of 

the  beam; 

c)  phase  length  of  the 

bunch  , 

upon  the  phase  of 
the  last  accelerating 
section. 


versus  the  accelerating  phase  of  the  last  section.  The 
estimated  bunch  phase  length  is  6  +2  . 
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Abstract 

A  75  MeV  racetrack  microtron  is  being  designed  and 
constructed  at  the  Eindhoven  University  of  Technology. 
This  microtron  will  serve  as  injector  for  the  storage  ring 
EUTERPE.  The  microtron  contains  two  inhomogeneous 
bending  magnets  which  are  rotated  in  the  median  plane. 
In  this  paper  we  will  present  the  optical  design  of  the  ma¬ 
chine  using  a  first  order  matrix  theory  to  describe  the  fo¬ 
cusing  forces,  including  fringe  field  effects.  Optimization 
of  the  machine  acceptance  in  the  horizontal  and  vertical 
plane  yields  the  optimum  shape  of  the  magnet  poles,  which 
are  currently  under  construction.  The  results  from  matrix 
theory  are  verified  by  numerical  orbit  tracking  using  the 
measured  field  map.  Also  an  analysis  of  the  effect  of  align¬ 
ment  errors  will  be  given. 


I.  INTRODUCTION 

At  the  Eindhoven  University  of  Technology,  a  75  MeV 
racetrack  microtron  (RTME)  is  being  designed  and  con¬ 
structed  (see  Figure  1).  This  microtron  will  serve  as  injec¬ 
tor  for  the  electron  storage  ring  EUTERPE  [1].  A  similar 
RTM  (25  MeV)  is  simultaneously  being  built  for  a  FEL 
project  [2].  The  electrons  are  injected  from  a  10  MeV 
medical  linac  into  the  microtron  and  are  accelerated  in  a 
2998  MHz  standing  wave  cavity  with  an  accelerating  volt¬ 
age  of  5  MeV.  Two  phase-locked  2.2  MW  magnetrons  will 
be  used  to  power  the  10  MeV  injector  linac  and  the  cav¬ 
ity  separately.  This  will  be  sufficient  to  accelerate  10  m  A 
current.  From  numerical  simulations  it  is  seen  that  the 
accepted  momentum  spread  A  p/p  is  about  1%  at  injec¬ 
tion  (10  MeV),  which  is  reduced  to  0.15%  at  extraction 
(75  MeV). 

The  magnetic  field  consists  of  2-sector  magnets,  sepa¬ 
rated  by  a  drift  space  of  0.99  m.  The  dimensions  of  the 
magnets  are  50x150x45  cm3.  The  gap  and  magnetic  field  in 
sector  I  and  II  are  respectively,  20  mm,  0.51  T  and  17  mm, 
0.60  T.  This  field  increase  is  realized  by  pole  shaping.  Due 
to  the  magnet  design  there  is  a  field  dip,  i.e.  the  magnetic 
field  in  the  center  is  lower  than  the  field  near  the  edges. 
The  magnets  are  rotated  at  an  angle  r  in  the  median  plane 
to  obtain  proper  360°  bending  [3].  The  dashed  curve  in  the 
orbit  pattern  in  Figure  1  shows  were  the  high  field  region 
II  will  end,  such  that  the  exit  angle  at  extraction  is  2r. 
The  number  of  orbits  is  13  and  the  orbit  separation  is  60.6 
mm,  which  is  sufficient  for  beam  monitoring  and  steering. 


At  the  front  of  the  magnets,  clamps  are  mounted  to  shield 
the  magnetic  field  in  the  drift  space. 

The  vacuum  system  will  be  made  of  aluminium  and  con¬ 
sists  of  a  central  vacuum  chamber,  two  wedged  shaped 
chambers  and  the  vacuum  boxes  in  the  magnets.  A  400 
1/s  turbo  pump  will  be  connected  to  the  central  vacuum 
chamber  to  obtain  a  pressure  in  the  10~6  mbar  regime. 

In  the  center  of  the  microtron  a  correction  magnet  (CM) 
will  be  placed  to  correct  the  bending  angle  of  each  orbit 
separately.  For  beam  diagnostics  we  will  use  Beam  Posi¬ 
tion  (BP)  monitors. 


Figure  1:  Median  plane  view  of  the  Eindhoven  Racetrack 
Microtron 


Table  1:  Main  RTME  parameters 


RF  frequency 
Drift  length 
Injection  energy 
Extraction  energy 
Accelerating  voltage 
Number  of  orbits 
Magnetic  field  (sector  I/II) 
Mode  number 
Orbit  separation _ 


2998  MHz 
0.99  m 
10  MeV 
75  MeV 
5  MV 
13 

0.51  T  /  0.60  T 
2 

60.6  mm 


The  2-sector  configuration  is  described  by  the  ratio 
a=Bn/Bi  and  the  angle  6  between  the  boundary,  sep¬ 
arating  sector  I  and  II,  and  the  cavity  axis.  The  tilt  angle 
r  is  related  to  a  and  0  by  the  condition  of  360°  bending. 
The  injection  energy,  accelerating  voltage  and  magnetic 
field  are  related  by  the  isochronism  condition,  i.e.  the 
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path  length  of  each  orbit  is  an  integer  multiple  of  the  RF 
wave  length  X.  The  path  length  difference  between  two 
successive  orbits  is  hX  with  h  the  mode  number.  In  the 
case  of  the  RTME  we  have  chosen  h= 2  in  order  to  limit  the 
number  of  orbits  and  to  have  a  sufficient  orbit  separation. 

II.  TRANSVERSE  MOTION 

The  shape  of  the  magnetic  field  is  determined  by  the 
parameters  a  and  0.  To  estimate  the  optimum  a  and  0, 
we  optimized  the  machine  acceptance  using  a  first  order 
matrix  theory  including  the  defocusing  effect  of  the  fringe 
fields  [3].  Using  a  drift  length  of  0.99  m,  we  found  a=1.17 
and  0=45°  (r=4.5°)  which  yields  a  horizontal  acceptance 
of  about  100  mm.mrad  and  a  vertical  acceptance  of  about 
50  mm.mrad.  The  vertical  acceptance  is  mainly  limited  by 
the  mismatch  in  phase  space  between  the  injection  orbit 
(10  MeV)  and  the  first  orbit  (15  MeV),  but  this  can  eas¬ 
ily  be  compensated  by  placing  a  quadrupole  in  the  center 
of  the  microtron.  The  defocusing  effect  in  the  horizontal 
plane  is  small,  but  even  this  can  be  compensated  by  using 
a  quadrupole  doublet. 

From  the  numerical  calculations  it  is  seen  that  the  hori¬ 
zontal  acceptance  is  (almost)  not  affected  by  a  momentum 
spread  Ap/p  in  the  range  of  -1%..1%. 

As  a  check,  we  performed  numerical  orbit  calculations 
and  estimated  the  horizontal  and  vertical  tunes  uz  and 
v,.  As  input  we  used  a  field  map,  generated  from  field 
profiles  in  2D  cross  sections  of  the  magnet.  We  used  the 
analytical  tool  of  conformal  mapping  [4]  to  estimate  these 
profiles.  In  Figure  2  we  plotted  vz  and  v,  versus  energy 
for  each  orbit  separately.  In  the  range  20. .70  MeV  we  see 
a  good  agreement  between  the  theoretical  results  and  the 
results  obtained  from  numerical  orbit  tracking  using  the 
computer  code  HIATT  [5].  The  discrepancy  in  vz  at  lower 
energies  is  probably  caused  by  the  fringe  fields  which  force 
a  deviation  of  the  reference  orbit. 


Figure  2:  (a)  vz  and  (b)  v,  versus  kinetic  energy  T  from 
numerical  orbit  tracking  (solid)  and  l,x  order  matrix  the¬ 
ory  (dashed) 

To  estimate  the  effect  of  the  realistic  3D  magnetic  field 
distribution  we  used  the  computer  code  REI.AX3D  [6] 
which  solves  the  potential  distribution,  i.e.  the  magnetic 
field  distribution  for  non-saturated  cases.  The  results  of 
this  code  for  2D  cross  sections  are  in  good  agreement  with 
Conformal  Mapping,  but  the  accuracy  of  the  3D  results 


is  limited  by  the  number  of  mesh  points,  and  will  not  be 
used  therefore. 


III.  LONGITUDINAL  MOTION 

An  important  feature  of  a  microtron  is  the  longitudinal 
focusing  effect  which  is  obtained  by  proper  timing  of  the 
injection  process  with  respect  to  the  RF  wave  in  the  cavity. 
To  study  the  longitudinal  motion,  we  solved  numerically 
the  difference  equations.  In  Figure  3a  we  plotted  the  phase 
4>  and  energy  spread  AT  at  injection,  which  correspond  to 
an  extraction  energy  which  is  close  (within  1%)  to  75  MeV. 
In  Figure  3b  we  plotted  the  corresponding  phase  space 
at  extraction.  H»re  we  used  a  synchronous  phase  <f>,=9° 
which  gives  a  maximum  separatrix  area  (area  occupied  in 
phase  space  at  injection)  of  about  30  deg%  at  10  MeV.  The 
dashed  curve  is  the  separatrix  as  derived  by  a  Hamiltonian 
derivation  of  the  equations  of  motion. 


Figure  3:  Longitudinal  phase  space  at  (a)  injection  (10 
MeV)  and  (b)  at  extraction  (75  MeV)  with  <j>,  =!P 


So  far  we  neglected  the  effect  that  the  relativistic  ve¬ 
locity  0  <1.  Including  this  effect,  the  stable  region  in 
phase  space  at  injection  shifts  towards  smaller  AT-values 
by  0.4%,  but  the  separatrix  area  does  not  change. 

Factors  that  may  disturb  the  longitudinal  motion  are 
(i)  path  length  deviations  due  to  the  field  dip  (3%)  in 
the  center  of  the  magnet  and  (i»)  (time-dependant)  cavity 
voltage  variations.  The  effect  of  the  field  dip  is  (partly) 
compensated  by  a  (small)  increase  of  the  magnetic  field. 
The  remaining  path  length  error  is  less  than  6  mm  and 
shows  some  oscillatory  behaviour  versus  energy.  From  nu¬ 
merical  simulations  we  see  that  the  separatrix  area  is  al¬ 
most  not  affected  by  this  remaining  path  length  deviation. 
This  implies  that  no  isochronism  corrections  are  required 
so  we  only  need  a  central  correction  magnet  for  proper 
orbit  bending. 

Similar  calculations  have  been  performed  for  a  cavity 
voltage  variation  AV/V .  For  a  constant  voltage  variation 
we  find  AV/V  <  2%  is  allowed  in  the  case  of  the  RTME. 
Including  a  harmonic  voltage  variation  with  frequency  A / 
and  amplitude  AV/V ,  we  find  a  maximum  AV/V  «0.7% 
at  A/=l  MHz  and  a  maximum  AV/V=0.3%  at  A/=20 
MHz.  Note  that  the  latter  affects  each  micro  pulse  since 
the  revolution  time  is  about  0.14  ps  (7  MHz).  Expected 
voltage  variations,  due  to  cavity  tuning  errors  and  gener¬ 
ator  power  variations,  are  in  the  order  of  1%. 
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IV.  MEASUREMENTS 

At  this  moment,  the  2-sector  magnets  are  available  for 
magnetic  field  measurements.  The  measuring  equipment 
consists  of  a  Hall  probe,  mounted  on  a  computer  controlled 
X-Y  table.  In  order  to  check  the  transverse  optics,  we 
measured  the  field  map  of  one  magnet  in  a  mesh  of  70x1 10 
cm  with  mesh  sixes  of  10  mm  in  both  directions.  From 
numerical  orbit  tracking  we  see  that  the  exit  angles  are 
about  30  mrad  due  to  the  field  dip.  This  effect  is  (partly) 
compensated  by  adjusting  r  to  3.6°.  In  this  case,  we  find 
v,  «  0.31  and  vx  sal.l  in  the  range  20. .70  MeV,  which  is 
in  agreement  with  the  design  values.  To  obtain  the  matrix 
for  a  full  acceleration  process  of  13  orbits,  we  estimated 
the  transfer  matrix  for  each  orbit  separately  and  added  the 
matrix  describing  the  cavity.  The  corresponding  horizontal 
and  vertical  acceptance  are  plotted  in  Figure  4.  Here  the 
injection  energy  is  varied  while  the  extraction  energy  is 
fixed  at  70  MeV,  the  last  full  orbit.  The  solid  curves  refer 
to  the  design  values  while  the  dashed  ones  are  derived  from 
the  measured  field  map  and  we  see  a  very  good  agreement. 


Figure  4:  Horizontal  and  vertical  acceptance  versus  injec¬ 
tion  energy.  The  extraction  energy  is  fixed  at  70  Me  V 

To  check  the  numerical  orbit  tracking  results,  we  used 
the  Hall  probe  as  reference  particle  and  measured  directly 
the  orbit  and  its  gradient.  The  tunes  uz  and  v,  estimated 
from  these  measurements  are  in  agreement  with  the  results 
given  above. 

V.  MISALIGNMENTS 

To  study  the  effect  of  misalignments  we  used  the  descrip¬ 
tion  of  Lobb  [7]  and  extended  this  model  to  mechanical 
errors  specific  for  our  2-aector  geometry  (6a,  60).  Limiting 
ourselves  to  the  horizontal  motion,  it  is  seen  that  6a  (in 
the  order  of  1%)  has  by  far  the  largest  effect.  In  order  to 
compensate  an  asymmetric  6a  (i.e.  left  and  right  magnet) 
we  need  for  each  magnet  a  separate  correction  possibility. 
A  symmetric  6a  is  easily  compensated  by  chosing  a  differ¬ 
ent  r.  This  is  still  possible  since  the  vacuum  chamber  is 
not  constructed  yet. 

Compared  to  the  alignment  errors,  the  field  dip  of  about 
3%  gives  by  far  the  largest  contribution  to  the  path  length, 
total  bending  angle  and  exit  position.  Due  to  the  small 


gap  it  is  not  profitable  to  use  correction  coils  inside  the 
magnets  and  therefore  we  investigate  the  use  of  one  cen¬ 
tral  correction  magnet.  Since  the  effect  on  the  longitudinal 
motion  is  small,  we  only  need  a  correction  magnet  to  bend 
at  most  40  mrad  at  45  MeV  in  the  horizontal  plane.  Since 
we  want  to  have  the  possibility  to  control  each  orbit  sepa¬ 
rately,  we  designed  an  array  of  12  (iron  cored)  magnets.  A 
(part  of  the)  cross  section  is  shown  in  Figure  5  where  the 
dots  represent  the  designed  beam  center.  Using  a  bending 
length  of  12  cm  and  a  gap  of  2  cm,  the  maximum  field  is 
about  500  Gauss  to  correct  for  the  field  dip.  From  POIS¬ 
SON  [8]  calculations  we  have  seen  that  the  homogeneity  in 
the  center  of  each  pole  is  about  0.5%  within  10  mm.  The 
magnetic  field  drops  to  about  1%  in  the  neighbouring  cell. 


To  estimate  the  optimum  correction  strengths  we  used 
the  Least  Squares  Minimization  method.  It  is  found  that, 
after  one  full  turn,  the  path  length  difference  with  respect 
to  the  unperturbed  case,  is  less  than  2  mm,  the  orbit  shift 
is  less  than  1  mm  and  the  angle  with  respect  to  the  cavity 
axis  is  less  than  1  mrad,  in  the  range  10. .75  MeV. 

VI.  CONCLUSIONS 

In  this  paper,  we  described  the  layout  of  a  75  MeV  race¬ 
track  microtron.  The  optical  design  is  discussed  and  the 
effect  of  alignment/construction  errors  is  mentioned.  Mag¬ 
netic  field  measurements  have  been  done  to  check  the  the¬ 
oretical  design  and  a  good  agreement  is  found. 
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Abstract 

A  useful  method  for  obtaining  stable  transverse  mo¬ 
tion  in  a  (racetrack)  microtron  is  the  application  of  bend¬ 
ing  magnets  with  an  azimuthally  varying  field  (AVF)  pro¬ 
file.  A  Hamiltonian  theory  has  been  set  up  to  describe 
the  reference  orbit  as  well  as  the  optical  properties  in  both 
transverse  directions  for  an  AVF  magnet  with  an  arbitrary 
field  profile.  We  recapitulate  the  main  analytical  results 
of  the  Hamiltonian  theory  and  compare  these  to  the  re¬ 
sults  of  numerical  calculations  for  a  relevant  example  AVF 
profile. 

I.  INTRODUCTION 

For  cyclotrons,  it  is  well  known  that  simultaneous 
horizontal  and  vertical  orbit  stability  as  well  as  isochro- 
nism  can  be  achieved  by  subjecting  the  beam  to  an  az¬ 
imuthally  varying  magnetic  field.  We  apply  similar  ideas 
to  a  (racetrack)  microtron,  i.e.  we  superimpose  an  az¬ 
imuthally  varying  field  (AVF)  profile  on  the  main  average 
magnetic  field  of  the  bending  magnets.  When  such  mag¬ 
nets  are  designed  properly,  quadrupoles  in  the  drift  space 
and  solenoids  on  the  cavity  axis  are  no  longer  needed  to 
focus  the  beam. 

As  the  modulation  of  the  magnetic  field  is  assumed 
to  be  small,  a  first  order  solution  for  the  particle  motion 
has  been  derived.  In  this  paper,  we  will  compare  these 
analytical  results  with  numerical  calculations  in  order  to 
verify  the  first  order  equations  and  to  examine  higher  order 
effects. 

II.  ANALYTICAL  RESULTS 

In  this  section,  we  recapitulate  the  main  analytical 
results,  obtained  in  reference  (1).  A  schematic  overview  of 
the  geometry  is  given  in  Fig.  1.  We  consider  a  bending 
magnet  in  a  polar  coordinate  system  (r,  d,  z).  The  median 
plane  is  the  z  =  0  plane.  A  test  particle  is  injected  into 
the  magnet  at  the  origin  of  the  righthanded  coordinate 
system  (r,  d,z).  The  median  plane  field  B ,  (pointing  in 
the  positive  z  direction)  is  assumed  to  depend  only  on  d 
and  is  split  into  a  constant  main  field  Bo  and  a  flutter 
profile  /(t?) 

B,(d)=  B0[l  +  /(d)],  l/(d)|  <  1 ,  0<d<iT. 

We  assume  /( 0)  =  (d//dd)o  =  0.  The  pole  edge  where 
the  beam  exits  the  magnet  is  located  at  d  =  $  t.  Via  a 
suitable  choice  of  the  vector  potential,  the  magnetic  field 
is  incorporated  in  a  relativistic  Hamiltonian  decribing  the 


Figure  1:  Schematic  overview  of  the  considered  geometry. 


median  plane  particle  motion  with  d  as  independent  vari¬ 
able.  From  the  solution  for  the  equilibrium  orbit  up  to 
first  older  we  can  derive  expressions  for  the  exit  angle  i> 
(defined  as  the  angle  relative  to  the  pole  boundary  normal 
vector)  and  orbit  length  s  through  the  magnet.  We  obtain 

r/2 

=  — 2  /  /(d)  cos(2d)dd, 

'o 

»  +  V>-2  la' 

where  R  is  the  reference  radius,  defined  as  R  =  P0/(cBq), 
with  e  the  electron  charge  and  Po  the  total  kinetic  mo¬ 
mentum.  The  angle  t/>  should  normally  be  chosen  zero  for 
the  sake  of  closed  orbits. 

The  linear,  transverse  oscillations  with  respect  to  the 
equilibrium  orbit,  either  horizontally  (x)  or  vertically  (*), 
are  derived  from  Hamiltonians  and  can  be  expressed  as 
phase  space  transfer  matrices  Mt  and  M, 

(  J  )  =  My(d)  (  *  )  ,  y  €  {*,*},  !/  =  dy/ds. 

In  the  present  paper,  we  only  consider  the  trace  of  the 
transfer  matrices  as  a  function  of  azimuth.  These  read 

TV'(d)  =  2  +  [<i-  |(dF/dd)Jd, 

Tr*(d)  =  2cos(2d)  —  2[G  +  j  (dF/dd))sin(2d), 
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with 


FW  =  -^77TT  /V) sin(2t)<«.  G( i?)  =  f  g(t)dl, 
sin  (d)  Jo  Jo 

df 


V) 

g(0)  =  2/  -  2F  - 


1 


«(«>) 


~jf[ 


2  tan(t?)  dd 
2  d/  1  d?F 

tan(rf)  drf  2  diJ2 


8  rfi?2  ’ 


dt. 


By  evaluating  the  above  expressions  at  d  =  x/2,  we  can 
find  the  matrix  traces  Tr^/2  for  half  the  revolution 

T^t/2  =  2  +  i  ira,  Tr*/2  =  -2, 


with 


/■»/ 2 

a  =  a(ir/2)  =  -  / 

Jo 


sin2(i?) 


dd. 


Using  the  mirror  symmetry  of  the  equilibrium  orbit  (as¬ 
suming  0  =  0),  we  can  also  derive  the  traces  TrJ  for  a  full 
revolution  through  a  ‘classical’  microtron  (no  drift  space). 
We  obtain  in  first  order 


Tr*,  =2  +  2*5,  Tr*  =  2. 


III.  NUMERICAL  CALCULATIONS 

In  order  to  check  the  above  analytical  first  order  re¬ 
sults,  exact  numerical  calculations  have  been  done  for  var¬ 
ious  profiles.  In  this  paper,  we  consider  one  specific  profile 
and  examine  the  effect  of  its  amplitude  on  exit  angle,  orbit 
length  and  focusing  properties  in  both  transverse  planes. 
The  profile  we  consider  is 

/(d)  =  Jo  sin*(2d), 

being  a  smooth  hill  (/o  >  0)  or  valley  (/o  <  0),  centered 
around  d  =  */4,  see  Fig.  2.  For  this  specific  profile,  we 
obtain  with  our  first  order  theory 

0  =  0,  s  =  */?(!-  3/0/8),  5  =  —  x/o, 

Tr*./2  =  2-  J*3/o.  Tr'.  =2-2xJ/0 


amplitude  f# 


Figure  4:  Orbit  length  s  as  a  function  of  Jo- 

For  the  numerical  calculations  we  consider  the  interval 
—0.5  <  Jo  <  0.5  as  to  get  a  good  view  on  effects  higher 
order  in  Jo  All  calculations  were  done  for  Po  =  20  MeV/c 
electrons  and  B0  =  0.19  T. 

Fig.  3  shows  the  exit  angle  0  as  a  function  of  Jo  as 
obtained  from  numerical  calculations.  The  curve  has  been 
fitted  with  a  fifth  order  polynomial  in  Jo  It  turns  out  that 
there  is  no  first  order  term,  fully  in  accordance  with  our 
first-order  result  0  =  0.  The  dotted  curve  represents  only 
the  second  order  term  of  the  polynomial.  From  this  we 
infer  that  a  second  order  theory  could  give  a  much  more 
accurate  expression  for  the  exit  angle,  hence  also  a  more 
accurate  condition  for  keeping  the  orbits  closed. 

In  Fig.  4,  the  total  orbit  length  is  plotted  against  Jo 
The  dashed,  sloping  line  represents  our  first  order  result. 
It  convincibly  touches  the  numerical  curve  in  Jo  =  0.  The 
difference  between  both  curves  increases  with  increasing 
|/o|,  but  once  again,  we  see  that  this  difference  could  be 
highly  reduced  by  a  second  order  description,  as  required 
for  the  sake  of  the  isochronism  condition. 

The  linear  transverse  motion  in  both  transverse  direc¬ 
tions  was  numerically  calculated  as  a  function  of  azimuth 
From  the  resulting  matrices,  the  trace  as  a  function  of  az¬ 
imuth  was  extracted,  its  zero  order  pan  removed  and  the 


2066 


Figure  5:  Normalized  horizontal  and  vertical  trace  as  a 
function  of  azimuth  0  through  a  single  magnet. 


amplitude  f# 


Figure  6:  Vertical  traces  Tr*w,  7V^2  as  a  function  of  fo- 

remaining  part  divided  by  the  amplitude  f0.  The  resulting 
curve  (the  ‘normalized  trace’)  is  in  first  order  independent 
of  fo,  hence  any  fo  dependency  represents  higher  order 
terms.  The  drawn  lines  in  Fig.  5  are  the  normalized  hori¬ 
zontal  and  vertical  traces  as  a  function  of  azimuth  as  de¬ 
rived  from  the  first  order  theory.  The  dashed  lines  are  the 
result  of  the  numerical  calculations  for  the  cases  fo  =  0.1, 
0.3,  0.5  and  0.7.  The  higher  order  deviation  gets  larger 
with  increasing  fo,  but  the  overall  shape  of  the  curves  is 
retained  and  the  values  at  d  =  x/2  are  still  very  close  to 
the  first  order  result. 

In  Fig.  6,  the  matrix  trace  for  vertical  motion  as  a 
function  of  amplitude  is  shown.  The  two  drawn  curves 
represent  the  numerical  results  for  half  an  orbit  through  a 
microtron  (labeled  x/2)  as  well  as  for  a  full  orbit  (x).  The 
dashed  lines  represent  our  first  order  analytical  results. 
The  agreement  for  half  the  orbit  is  excellent  over  the  entire 
amplitude  range.  For  the  full  orbit,  higher  order  effects 
become  significant  for  amplitudes  larger  than  0.3.  It  is 
interesting  to  note  that  the  numerically  obtained  curve 
for  Tri  bends  back  to  the  stable  region  for  fo  <  -0.3;  this 
means  that  for  fo  «  —0.55,  vertical  motion  can  be  stable 
again,  but  it  is  governed  by  higher  order  effects  in  fo  and 


Figure  7:  Horizontal  traces  Tr*  as  a  function  of  fo. 

therefore  very  sensitive  to  small  changes  in  fo. 

In  Fig.  7,  the  matrix  traces  for  horizontal  motion  as 
a  function  of  amplitude  are  drawn.  For  half  the  orbit,  we 
see  that  there  is  a  weak  second  order  contribution  that 
moves  the  trace  value  outside  the  stable  region  for  either 
sign  of  fo ■  For  the  full  orbit,  it  was  predicted  by  the  first 
order  theory  that  there  could  be  no  second  order  effect  of 
fo  on  the  trace  [1).  Indeed,  we  see  that  the  curve  of  Tr*  is 
antisymmetric  around  f0.  A  least  squares  fit  of  the  results 
with  a  fifth  order  polynomial  in  fo  proved  that  no  second 
order  term  is  present  in  the  curve. 

Combining  the  results  of  Fig.  6  and  7,  we  see  that, 
for  the  present  profile,  simultaneous  horizontal  and  verti¬ 
cal  beam  stability  in  a  ‘classical’  microtron  is  not  possible 
with  small  values  of  f0.  This  same  conclusion  has  been 
derived  in  general  for  the  case  of  a  racetrack  microtron 
(with  driftspace)  in  reference  [1],  As  a  solution,  we  rotate 
the  bending  magnets  of  the  racetrack  microtron  through 
the  median  plane  (but  keeping  the  orbits  closed),  thus  in¬ 
troducing  additional  quadrupole  effects  at  the  magnet  en¬ 
trance  and  exit.  For  a  classical  microtron  (no  drift  space) 
this  solution  cannot  be  used. 

IV.  CONCLUSIONS 

We  have  compared  the  analytical  results  of  our  first  or¬ 
der  description  of  the  azimuthally  varying  field  (racetrack) 
microtron  with  numerical  results  for  one  specific  AVF  pro¬ 
file.  The  analytical  theory  shows  excellent  agreement  with 
the  numerical  calculations  up  to  first  order.  Second  order 
effects  could  be  important  for  determining  the  exit  angle 
and  orbit  length,  but  focusing  properties  are  sufficiently 
accurate  in  first  order  for  flutter  profile  amplitudes  up  to 
30%. 
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Abstract 

The  Scanditronix  100  MeV  racetrack  microtron  is 
described.  Examples  of  design  data  and  measured 
performance  are  given. 

I.  INTRODUCTION 

The  racetrack  microtron  is  an  excellent  choice  as 
ipjector  for  electron  synchrotrons  and  storage  rings  [1], 
It  is  compact,  easy  to  operate  and  offers  a  combination 
of  high  beam  current  with  small  emittance  and  very 
good  energy  resolution.  The  Scanditronix  RTM100 
racetrack  microtron  is  a  19  orbit  machine  with  a  final 
energy  of  100  MeV.  It  is  based  on  the  design  of  the 
Scanditronix  RTM50,  (with  energies  10-50  MeV  found 
in  MM50  systems  for  radiation  therapy)  and  was 
developed  from  accelerator  concepts  at  University  of 
Lund  [1]  and  The  Royal  Institute  of  Technology  in 
Stockholm  [2].  Up  to  this  time  two  RTM100  have  been 
delivered  and  commissioned. 

II.  INJECTION  AND  FIRST  ORBIT  GEOMETRY 


IV.  TRANSVERSE  STABILITY 

The  main  dipole  field  in  the  RTM100  is  1.1  T, 
resulting  in  a  final  orbit  radius  of  0.3  m.  The  main 
dipoles  are  equipped  with  active  field  clamps  producing 
a  reversed  field  in  the  fringe  field  region  [4],  which 
together  with  a  small  gradient  (2.4  %/m)  in  the  main 
dipole  field  provide  the  vertical  stability.  The 
horizontal  focusing  is  achieved  by  a  quadrupole  on  the 
linac  axis.  The  Twiss  parameters  after  the  extraction 
magnet  were  calculated  to 

(J„  =  12  m  and  a,  =  0  in  the  horizontal  plane  and 

Py  =  4.1  m  and  a,  =  0.26  in  the  vertical  plane 

(with  an  estimated  accuracy  of  10  -  20  %).  Since  the 
focusing  is  rather  weak  in  the  higher  orbits  the  beam 
is  sensitive  for  dipole  errors,  but  these  errors  are  easily 
corrected  by  small  dipoles  placed  in  the  return  orbits. 
In  the  RTM100  there  are  horizontal  correction  magnets 
in  every  return  orbit  and  dipoles  for  vertical  correction 
in  every  second  orbit. 


The  electrons  are  supplied  from  a  cylindrical  Pierce- 
type  gun,  at  injection  voltages  up  to  100  kV.  The 
current  emitted  from  the  cathode  is  approximately  1  A, 
but  the  anode  aperture  is  limiting  the  current  from  the 
gun  to  about  200  mA,  when  operating  in  saturated 
space  charge  mode.  The  injection  beamline  consists  of 
three  focusing  solenoids  and  an  achromatic  bending 
system,  consisting  of  two  45<>  dipole  magnets  and  a 
quadrupole,  deflecting  the  electrons  from  the  gun  into 
the  linac.  The  injection  line  can  also  be  supplied  with 
a  1  kW  RF  buncher  system  with  an  accelerating 
voltage  of  30  kV,  operating  at  500  MHz.  The  RTM100 
incorporates  the  reversed  orbit  geometry  [3],  where  the 
electrons  after  the  first  pass  through  the  linac  are 
displaced  by  a  magnet  system  and  then  directly 
reflected  back  into  the  linac  by  the  main  dipole.  The 
acceleration  phase  during  the  first  pass  can  be 
independently  adjusted  by  sliding  the  linac  along  its 
axis,  without  affecting  the  phase  for  subsequent  orbits. 
This  also  avoids  any  problem  for  the  first  orbit  to  clear 
the  linac  structure. 

III.  EXTRACTION 

Hie  extraction  is  carried  out  by  deflection  of  the 
beam  5°  into  the  extraction  channel  by  a  small  dipole 
magnet  in  the  last  orbit  The  extracted  pulse  current  is 
15  mA. 


V.  LINAC  AND  RF  SYSTEM 

The  linac  is  of  the  sidecoupled  standing  wave  type 
with  1/2  +  7  +  1/2  cavities,  operating  in  the  x/2  mode. 
RF-power  is  supplied  from  an  5  MW  klystron  operating 
at  3  GHz.  The  resulting  energy  gain  is  5.26  MeV  per 
orbit.  The  beam  pulse  width  is  continuously  variable 
between  0.1  -  1.2  ps  with  a  pulse  repetition  frequency 
of  up  to  10  Hz  with  the  present  modulator,  but  can 
easily  be  increased  with  an  upgraded  modulator  (up  to 
5  ps  and  300  Hz  as  in  the  Scanditronix  RTM50,  50 
MeV  racetrack  microtron). 

VI.  EMITTANCE  AND  MOMENTUM  SPREAD 

The  emittance  was  found  by  measuring  the  beam 
profile  of  the  synchrotron  light  observed  from  the 
beam  inside  one  of  the  main  dipoles,  which  together 
with  the  calculated  Twiss  parameters  resulted  in  the 
following  values  for  the  horizontal  emittance: 
(0.10±0.04)'Jt  mm-mrad,  and  for  the  vertical 
emittance:  (0.20±0.06),n  mmmrad. 

The  momentum  spread  was  measured  using  a  45° 
bending  magnet  and  a  slit  system.  The  beam  was 
focused  on  the  slit  by  a  quadrupole  doublet  and  the 
current  collected  on  the  beam  stop  after  the  slit  was 
integrated.  The  result  found  from  this  measurement 
was  dp/p  =  (1.0±0.1HO'S. 
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VII.  SUMMARY  OF  DATA  FOR  THE  SCANDITRONIX 
RTM100 

Electron  energy  (MeV)  100 

Main  dipole  field  (T)  1.1 

Beam  pulse  current  (mA)  15 

Pulse  length  (ps)  0.1-1. 2  (5) 

Pulse  rep.  freq.  (Hz)  0.1-10  (300) 

Hor.  emittance  (mmmrad)  (0.10±0.04)7t 

Vert,  emittance  (mmmrad)  (0.20±0.06)it 

Momentum  spread  (9c)  0.10±0.01 

Numbers  in  parenthesis  for  pulse  length  and  pulse 
repetition  frequency  refer  to  a  system  with  an 
upgraded  modulator. 
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Abstract 

Electrostatic  quadrupole  focusing  is  to  be  used  in  the  high 
precision  measurement  of  the  anomalous  magnetic  moment  of 
the  muon,  AGS  Experiment  821 .  The  final  design  uses  planar 
rather  than  hyperbolic  electrodes,  and  the  field  is  pulsed  to 
minimize  the  effect  of  trapped  electrons.  The  mechanical 
design  is  described.  Performance  in  a  1.5T  magnetic  field  at 
less  than  10"6  Torr  is  reviewed. 

I.  INTRODUCTION 

Experiment  821  at  the  AGS  will  measure  the  magnetic 
moment  of  the  muon  to  unprecedented  precision. [1]  Muons 
at  3.094  GeV/c  will  be  contained  in  a  superconducting  storage 
ring  with  a  magnetic  field  of  1.45T  homogeneous  and  con¬ 
trolled  to  1  part  in  10  million.  At  that  momentum  the  effects 
of  electric  fields  are  null  to  first  order  so  that  focusing  is 
provided  by  electrostatic  quadmpoles  without  compromising 
magnetic  field  homogeneity. 

Design  requirements  include  conflicts  such  as  low  stop¬ 
ping  power  (low  density,  thickness,  and  atomic  number)  to 
allow  efficient  detection  of  the  electrons  from  muon  decay, 
yet  mechanical  strength  for  precise  positioning  and  shape,  and 
high  stopping  power  to  scrape  the  tails  of  the  muon  distri¬ 
bution.  Magnetic  permeability  must  be  low.  Good  vacuum 
properties  are  also  required. 

The  crossed  electric  and  magnetic  fields  cause  "trapping" 
of  electrons  with  maximum  energy  equal  to  electrode  voltage. 
These  trapped  particles  oscillate  between  and  circulate  about 
the  electrodes,  causing  further  ionization  with  charge  build  up 
and  ultimately,  breakdown  with  potentially  destructive  con¬ 
sequences  for  the  electrodes  and  insulators.  Trapping  is  a 
major  design  consideration. 

Pulsed  electrostatic  quadrupole  focusing  was  used  in  the 
previous  measurement  of  the  muon  g-2  at  CERN.  The  asym¬ 
metric  electrodes  were  hyperbolic  in  form  and  operated  at  5 
and  38  kV.  The  problems  of  electron  and  ion  trapping  were 
analyzed  thoroughly. [2] 

II.  MECHANICAL  DESIGN  AND  ANALYSIS 

The  layout  of  he  storage  ring  is  shown  in  Fig.  1.  The 
quadruples  subtend  39  degrees  per  quadrant.  The  electrodes 
are  fabricated  in  modules  about  13  degrees  long.  The  vacuum 
chamber  sections  are  each  28  degrees  in  azimuth  with  inter¬ 
stitial  bellows  sections  of  2  degrees  free  of  electrodes.  Each 


*  Work  performed  under  the  auspices  of  the  U.S. 
Department  of  Energy. 


vacuum  chamber  carrying  electrodes  has  feedthroughs. 

Note  the  scalloping  of  the  inner  wall  of  the  vacuum  chamber 
for  placement  of  the  electron  detectors  signaling  muon  decay. 


Fig.  1.  Plan  view  of  the  storage  ring  showing  quad ru poles 
and  other  major  components. 

A  major  simplification  is  the  concept  of  flat  electrodes  . 
[3]  Because  of  the  fourfold  symmetry  all  multipoles  vanish 
except  the  4,  12,  20  ...  poles,  and  the  12-pole  can  be  made 
arbitrarily  small  by  choice  of  the  electrode  dimensions.  A 
cross  section  through  the  quadrupoles  is  seen  in  Fig.  2.  The 
electrodes  are  supported  by  an  aluminum  cage  with  sturdy 
comer  rails,  solid  plates  on  top  and  bottom,  and  thin  strips 
forming  the  sides.  The  cages  and  electrodes  can  be  precisely 
assembled  before  installation  in  the  vacuum  chambers.  Final 
positioning  in  the  chambers  utilizes  adjustment  screws. 

Analysis  of  the  electric  fields  was  performed  using  the 
two  dimensional  modeling  code  POISSON  to  assay  voltage  in¬ 
stability,  positioning  errors,  and  various  other  geometrical 
changes.  [4]  The  resulting  allowed  tolerances  are  shown  in 
Fig.  3.  Table  I  shows  the  relative  multipole  content  up  to  28 
pole  for  the  ideal  geometry  of  Fig.  2  (columns  2  and  3),  for 
the  case  with  the  maximum  inward  extension  of  the  scalloped 
vacuum  chamber  inner  radius  wall  (columns  4,5)  with  two 
diagonally  opposite  comer  rails  missing  (columns  6,7),  with 
the  upper  and  lower  plates  at  maximum  inward  displacement, 
0.5  mm,  while  the  side  plates  have  the  maximum  displace¬ 
ment  outward,  0.75  mm,  plus  the  inner  vacuum  chamber  wall 
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has  maximum  inward  extension  (columns  8,9).  All  these  con-  The  connections  from  electrodes  to  the  feedthroughs 
ditions  are  seen  to  be  acceptable.  shown  in  Fig.  4  were  designed  to  interrupt  the  trajectories  of 

the  trapped  particles,  channeling  them  to  grounded  structures 


Fig.  4.  Cross  sections  through  the  interconnections  from 
Fig.  2.  Cross  section  through  the  vacuum  chamber  showing  electrodes  to  feedthroughs  showing  equipotential  contours  and 
the  cage  assembly,  quadrupole  electrodes,  and  insulators.  multipoles. 


*  BASIC  POSITION 
O  TOLERANCE  ZONE 


Fig.  3.  Construction  tolerances  for  the  quadrupole 
assemblies. 


III.  ELECTRICAL  PARAMETERS 

The  electric  gradient  required  to  achieve  a  desired 
focusing  index  n,  is 

I  dE/dr  I  =  nvBo/Ro 

where  v  is  the  muon  velocity.  Bo  the  magnetic  field,  and  Ro 
the  muon  orbit  radius.  The  potential  on  the  plates  is  then 

V  =  dE/dr  (r2  Ilf) 
m 

where  the  field  index,  n  is  0. 139,  the  orbit  radius  is  1 . 1 12  m, 
rm  *s  mrn>  half  the  separation  of  the  quadrupole  plates,  and 
f  is  the  fraction  of  the  azimuth  subtended  by  the  electrodes, 
0.4.  The  resulting  plate  potentials  are  thus  ±  22.6  kV. 

The  capacitance  of  each  electrode  was  calculated  to  be  54 
pF/m,[5]  or  about  250  pF  per  electrode  per  quadrant.  Other 
electrical  parameters  include: 


Voltage  stability 

±  \% 

Pulse  duration 

1  ms 

Maximum  jitter 

100  ns 

Minimum  pulse  interval 

25  ms 

Stored  energy  per  electrode 

.08  J 

2071 


Pulsing  the  quadruples  is  another  means  of  reducing  the 
effects  of  trapped  particles. 

Solid  state  high  voltage  switches[6]  have  been  used  to  date 
to  test  the  design  in  vacuum  and  evaluate  the  measures  taken 
to  minimize  trapping.  A  section  of  the  quadruples  6  degrees 
in  length  was  tested  in  a  vacuum  chamber  at  5  x  10'7  Torr  in 
a  magnetic  field  of  1.5  T.  After  conditioning  the  electrodes 
were  tested  to  more  than  10,000  pulses  at  28  kV  with  polar¬ 
ities  appropriate  to  muons  of  both  signs  with  no  sparking  or 
breakdown  with  pulse  durations  of  1  to  3  msec! 

Since  the  trapped  electrons  oscillate  at  an  angular 
frequency 

w  =  >/  2eV/mr2 
m 

where  e  and  m  are  the  charge  and  mass  of  the  electron.  For 
V,  the  electrode  potential,  at  28  kV  the  electron  frequency  is 
about  330  MHz.  We  have  measured  this  frequency  using  an 
rf  oscillator  and  amplifier  capacitively  coupled  to  the 
electrodes,  observing  a  resonant  build  up  at  the  appropriate 
frequency.  This  technique  can  be  used  to  measure  the  ef¬ 
fective  field  strength  in  the  presence  of  trapped  electrons. 

TABLE  I 


Multipole  Analysis  of  the  Electrostatic  Field  for  Various  Geometries.  An's  are  the  normal  and  Bn's  the  skew  components. 
Amplitudes  shown  are  percent  of  the  normal  quadrupole  compoent  for  the  ideal  geometry,  column  2. 


Ideal  Geometry 

Inner  wall  at  min 
radius 

2  comer  rails  missing 

Side  plates  out  top  and 
bottom  in  inner  wall  at 
min  radius 

k 

An 

Bn 

An 

Bn 

An 

Bn 

An 

Bn 

1 

0.14 

0.10 

-0.08 

0.02 

0.18 

0.07 

2.48 

1.71 

2 

100.00 

0.09 

100.16 

-0.42 

100.04 

-0.22 

100.18 

-0.50 

3 

-0.11 

0.04 

0.04 

0.02 

-0.14 

0.01 

0.86 

-0.60 

4 

-0.54 

-0.02 

-0.92 

-0.09 

-0.76 

-0.08 

-0.94 

-0.04 

5 

-0.05 

-0.04 

0.05 

-0.01 

-0.07 

-0.03 

0.01 

-0.01 

6 

-0.02 

0.00 

-0.19 

0.15 

-0.04 

0.12 

-0.18 

0.16 

7 

0.01 

0.02 

0.00 

-0.01 

0.02 

0.03 

-0.24 

0.18 

8 

0.03 

0.01 

0.12 

0.06 

0.09 

0.07 

0.10 

0.03 

9 

0.01 

0.00 

-0.01 

0.00 

0.01 

-0.01 

-0.25 

-0.16 

10 

-2.67 

-0.02 

-2.59 

-0.02 

-2.64 

-0.04 

-2.61 

0.00 

11 

0.02 

-0.02 

-0.01 

0.00 

0.02 

-0.02 

-0.07 

0.05 

12 

0.08 

0.00 

0.08 

-0.02 

0.07 

-0.02 

0.09 

-0.02 

13 

0.00 

0.01 

0.00 

0.00 

0.00 

0.01 

0.02 

0.01 

14 

0.25 

0.25 

0.00 

0.25 

0.24 

0.00 

-0.25 

-0.01 
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Abstract 

An  8-GeV  rapid  cycle  booster  synchrotron  was  designed  as 
possible  injector  for  the  KEK  B-Factory. 

I.  INTRODUCTION 

We  should  have  an  injector  to  supply  8  GeV  electron 
beams  to  the  high-energy  ring  (HER)  of  the  KEK  B- 
Factoryfl],  Constructing  a  rapid-cycle  booster  synchrotron  is 
an  attractive  option,  since  this  scheme  enables  us  to  accelerate 
electrons  to  8  GeV  rather  easily.  Positrons  will  be  injected 
directly  into  the  low  energy  ring  of  the  B-Factory;  moderate 
upgrading  of  the  present  2.5  GeV  linac  to  3.5  GeV  is 
necessary.  According  to  the  two  options  of  the  KEK  B- 
Factory**,  (1)  to  dig  a  new  tunnel  of  1.5  km  circumference 
and  accommodate  two  rings  in  this  tunnel,  or  (2)  to  install  the 
two  rings  in  the  existing  TRISTAN  tunnel,  the  size  of 
possible  booster  synchrotrons  becomes  different.  In  the 
former  case  half  of  the  booster  is  placed  in  the  B-Factory 
tunnel,  while  the  other  half  in  a  bypass  tunnel  (see  Fig.  1); 
the  total  length  of  the  booster  is  1071.6  m  (long  booster).  In 
the  latter  case  the  booster  is  accommodated  in  a  special  tunnel 
of  600  m  circumference  (short  booster),  since  the  TRISTAN 
tunnel  (3000  m  circumference)  is  too  large  for  the  booster. 

Required  parameters  of  the  booster  are: 


injection  energy 

3.5 

GeV 

extraction  energy 

8.0 

GeV 

repetition  rate 

50 

Hz 

intensity 

1010 

electrons/bunch 

The  booster  is  operated  in  a  single-bunch  mode.  The 
parameters  of  the  injected  beam  from  the  linac  are: 

transverse  emittance  1.5  x  10'7  m 

energy  spread  2.5  x  10' 3 

bunch  length  a  few  mm 

Below  we  mainly  consider  the  long  booster. 

II.  LINEAR  LATTICE 

A.  Long  Booster 

The  booster  has  two-fold  symmetry  and  two  long  (60  m) 
straight  sections.  One  of  the  straight  sections  is  used  for  RF 
stations  and  the  other  for  injection  and  extraction.  The 
magnetic  lattice  for  the  long  booster  consists  of  two  arcs,  four 

*  On  leave  from  ITEP,  Moscow. 

**  The  design  has  been  converged  to  that  based  on  existing 
TRISTAN.  Two  rings  will  be  installed  in  the  TRISTAN 
tunnel.  The  2.5  GeV  linac  will  be  upgraded  to  8  GeV 
instead  of  constructing  a  booster.  See  Ref.  [2). 


dispersion  suppressors  and  two  long  straight  sections.  The 
betatron  tune  is  16.33.  One  arc  cell  consists  of  one  F-type 
and  one  D-type  combined  function  magnets.  Dispersion 
suppressors  are  located  between  arcs  and  straight  sections  to 
match  the  dispersion  function.  Each  dispersion  suppressor  has 
two  quadrupole  lenses;  one  of  which  is  shifted  from  its 
periodical  position  in  order  to  suppress  beatings  of  the  B- 
function.  Phase  shift  of  one  cell  in  arcs  and  in  dispersion 
suppressors  is  60  degree.  Nine  quadrupole  magnets  in  a 
straight  section  are  placed  at  the  periodical  position.  Their 
strength  is  symmetrical  with  respect  to  the  center  of  the 
straight  section.  The  phase  shift  of  a  cell  in  the  straight 
section  is  chosen  to  be  90  degree  in  order  to  avoid  the  intrinsic 
resonance  of  the  sixth  order  excited  by  the  fifth-order  non- 
linearlity  and  to  suppress  beating  of  the  B-function  in  the 
straight  sections. 

Combined-function  lattice  results  in  antidamping  in  the 
horizontal  direction.  Due  to  the  large  bending  radius  of 
magnets,  the  growth  of  the  horizontal  emittance  during 
acceleration  is  tolerable  (see  Fig.  3). 

The  advantage  of  the  combined  function  type  lattice  is  that 
most  part  of  arcs  are  occupied  by  combined-function  magnets 
with  a  small  cross  section.  Whole  magnet  can  be  inclosed  in 
a  vacuum  vessel;  this  further  reduces  the  cross  section  of  the 
magnet  because  the  gap  of  the  magnet  can  be  reduced  by  the 
thickness  of  vacuum  chamber  wall. 

Lattice  of  the  final  part  of  the  arc,  the  dispersion 
suppressor  and  the  straight  section  is  shown  in  Fig.  2. 

B.  Short  Booster 

The  magnetic  lattice  of  the  short  booster  is  in  principle 
the  same  as  that  of  the  long  booster;  however,  the  use  of 
combined-function  magnets  for  arcs  is  precluded  since 
antidamping  nature  of  the  lattice  would  result  in  too  large 
horizontal  emittance  for  the  B-Factory.  Only  separated 
function  lattice  can  be  employed  in  this  case.  Parameters  of 
both  boosters  are  given  in  Table  1. 

III.  COHERENT  INSTABILITIES 
-4.  Impedances 

The  main  source  of  the  longitudinal  impedance  is  steps  at 
the  entrance  and  exit  of  the  combined-function  magnets  where 
the  aperture  changes.  The  impedance  of  the  step  Zstep  is 
given  by 

7  ?0  |JL  b 

Zstcp  -  n  ln  a  • 

where  Zo  is  the  impedance  of  vacuum,  and  a  and  b  are  the 
vertical  aperture  of  the  magnet  and  that  of  the  beam  pipe 
between  magncts[3].  The  total  impedance  |zu/n|  of  the  ring 
becomes. 
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|Z)1|  2NZstep 

1  n  1  ~  R/a 

where  N  is  the  number  of  magnets  in  the  ring  and  R  the 
average  radius  of  the  ring.  If  we  substitute  a  =  1.5  x  10'2  m, 
b  =  0.15  m,  N  =  190,  R  =  170  m,  we  get  |  Zn/n  |  =  9.3  £2. 
Taking  into  account  the  presence  of  other  impedance  sources, 
we  take  10  £2  as  the  total  impedance.  Transverse  impedance  is 
estimated  to  be  16.6  M£2/m  by  the  use  of  the  formula, 


The  beam  intensity  is  below  the  threshold  of  the 
transverse  mode-coupling  instability  (this  instability  occurs 
when  Av  ~  vs,  vs  is  the  synchrotron  tune).  On  the  contrary 
the  head-tail  mode  (the  lowest  synchrobetatron  mode)  is 
dangerous  and  has  to  be  suppressed  by  chromaticity 
compensation. 

For  a  separated-function  lattice  chromaticity  correction  is 
rather  straightforward  by  adding  sextupole  magnets.  For  a 
combined-function  lattice  the  simplest  way  is  to  create  an 
artificial  nonlinearlity  in  magnets  by  making  special  shape  of 
poles. 

IV.  TUNE  ADJUSTMENT 


B  Longitudinal  Microwave  Instability 

The  threshold  for  this  instability  is  given[4]  by 

(2rt)3/2|CT2  ffz  a 


Tunes  are  adjusted  by  changing  the  strength  of  quadrupole 
magnets  in  the  straight  sections.  Eighteen  magnets  in  the 
straight  sections  are  grouped  into  10  focusing  quadruples  and 
8  defocusing  quadrupoles.  Necessary  variation  of  quadrupole 
magnet  strength  for  changing  tunes  by  0.1  is  smaller  than  5% 
and  beating  of  the  6-function  in  the  arc  is  negligible. 

V.  REQUIRED  APERTURE 


where  Nb  is  the  number  of  particles  in  a  bunch,  E  the  beam 
energy,  e  the  electron  charge,  op  the  energy  spread  of  the 
beam,  <rz  the  bunch  length,  and  a  the  momentum  compaction 
factor. 

By  substituting  the  values  at  injection  and  extraction 
given  in  Table  1,  we  get  Nb  <  1.2  x  1011  (at  injection)  and 
Nb  <  1  x  1010  (at  extraction). 

The  longitudinal  microwave  instability  may  appear  near 
the  end  of  acceleration;  however,  this  instability  only 
increases  the  longitudinal  emittance  and  does  not  cause  any 
particle  losses. 

C.  Head-Tail  Instability 

The  tune  shift  and  the  growth  rate  of  the  lowest  head-tail 
(synchrobetatron)  mode  can  be  approximated  in  a  frame  of  the 
broadband  resonator  model  by  the  following  expressions[5] 

Av  =  e  R2  Ib  1  Zx  |  _  e  c2  Ib  I  Zj_  |  B, 

4^2  v  E  az  T  4V2  a  E  wres  az 


During  acceleration  the  emittance  of  the  beam  varies  due 
to  radiation  damping,  adiabatic  damping  and  quantum 
excitation.  Figure  3  shows  this  change.  Since  the  emittance 
is  maximum  at  injection,  the  required  aperture  becomes 
maximum  at  injection.  By  assuming  that  the  maximum 
closed  orbit  displacement  is  10'2  m  in  both  directions,  we  get 
apertures  Ax  and  Ay  shown  below. 


F-magnet 

D-magnet 

Q-lense 

Ax 

31.2 

22.4 

15.1 

Av 

10.8 

15.1 

15.1 
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Abstract 

The  next  generation  of  synchrotron  light  sources  and 
particle  accelerators  will  require  active  feedback  systems  to 
control  multi-bunch  instabilities  [1,2,3].  Stabilizing  hun¬ 
dreds  or  thousands  of  potentially  unstable  modes  in  these 
accelerator  designs  presents  many  technical  challenges. 

Feedback  systems  to  stabilize  coupled-bunch  instabil¬ 
ities  may  be  understood  in  the  frequency  domain  (mode- 
based  feedback)  or  in  the  time  domain  (bunch-by-bunch 
feedback).  In  both  approaches  an  external  amplifier  sys¬ 
tem  is  used  to  create  damping  fields  that  prevent  coupled- 
bunch  oscillations  from  growing  without  bound.  The  sys¬ 
tem  requirements  for  transverse  (betatron)  and  longitudi¬ 
nal  (synchrotron)  feedback  are  presented,  and  possible  im¬ 
plementation  options  developed.  Feedback  system  designs 
based  on  digital  signal-processing  techniques  are  described. 
Experimental  results  are  shown  from  a  synchrotron  oscilla¬ 
tion  damper  in  the  SSRL/SLAC  storage  ring  SPEAR  that 
uses  digital  signal-processing  techniques. 

I.  A  CLASSICAL  ANALOGY 

The  dynamics  of  coupled-bunch  motion  can  be  illus¬ 
trated  by  the  mechanical  analog  of  coupled  pendulums.  In 
Figure  1  this  analogy  is  applied  to  the  charged  particle 
bunches  in  a  storage  ring,  with  each  pendulum  represent¬ 
ing  the  oscillatory  motion  (synchrotron  or  betatron)  of  a 
bunch.  The  coupling  springs  represent  the  impedances  of 
the  accelerating  cavities  and  vacuum  structures.  Bunchl+i 
and  subsequent  bunches  are  driven  from  the  excitations  of 
bunchj,  much  as  pendulum,-  drives  pendulums,-**  through 
the  coupling  springs  [4]. 


Figure  1.  Coupled  pendulum  analogy. 


*  Work  supported  by  Department  of  Energy  contract 
DE-AC03-76SF00515. 


In  a  storage  ring  with  many  bunches  and  many  ex¬ 
ternal  higher-order  mode  resonators,  the  resulting  motion 
can  be  found  by  coherently  summing  the  driving  terms  and 
considering  the  periodic  excitation  due  to  the  orbit  of  the 
particles  [5,6].  Unstable,  growing  oscillatory  motion  can 
result,  in  which  the  motion  of  a  few  bunches  can  excite 
an  unstable  normal  mode.  These  instabilities  can  be  con¬ 
trolled  by  reducing  the  magnitude  and  number  of  external, 
parasitic  higher-order  modes,  carefully  controlling  the  res¬ 
onant  frequencies  of  the  parasitic  resonators  to  avoid  cou¬ 
pling  to  the  beam,  and  by  adding  damping  to  the  motion 
of  each  bunch. 

External  beam-feedback  systems  do  the  latter.  In  the 
analogy  of  Figure  1,  they  act  to  add  dashpots  to  each  pen¬ 
dulum.  Each  bunch  can  be  thought  of  as  a  harmonic  os¬ 
cillator  obeying  the  equation  of  motion 

z  +  yi  +  u>02*  =  f(t)  , 

where  uo  is  the  bunch  synchrotron  (longitudinal)  or  be¬ 
tatron  (transverse)  frequency,  f(t)  is  an  external  driving 
term  and  7  is  a  damping  term.  An  external  feedback  sys¬ 
tem  acts  on  the  beam,  contributing  to  this  damping  term, 
and  allowing  control  of  external  disturbances  f(t)  driving 
the  beam. 

II.  TIME  DOMAIN  VS. 
FREQUENCY  DOMAIN  PROCESSING 

The  action  of  the  feedback  system  can  be  understood 
in  either  the  time  or  frequency  domains  [7],  If  each  unsta¬ 
ble  normal-mode  frequency  is  identified,  a  single  narrow- 
band  feedback  channel  for  each  mode  can  be  implemented. 
Such  a  system  consists  of  a  frequency-selective  filter  (with 
tailored  phase  characteristics)  and  feedback  power  ampli¬ 
fier  for  each  mode.  For  a  given  mode  the  feedback  system 
acts  to  generate  a  driving  term  which  counteracts  the  ex¬ 
citation  from  an  external  resonator.  N  modes  are  simply 
treated  as  N  parallel  feedback  systems.  However,  if  there 
are  potentially  thousands  of  unstable  modes,  or  the  exter¬ 
nal  resonator  frequencies  or  strengths  change  over  time, 
this  narrowband  frequency-domain  processing  is  not  very 
attractive  or  manageable. 

The  time-domain  approach  treats  each  bunch  as  an 
independent  oscillator  coupled  to  its  neighbors  through 
an  external  driving  term.  Such  a  bunch-by-bunch  system 
implements  a  logically  separate  feedback  system  for  each 
bunch  in  a  multibunch  accelerator  [8,9,10].  In  this  scheme 
the  coupling  to  multiple  bunches  is  lumped  into  a  single 
f(t)  driving  term  in  Equation  1. 
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Table  1  Parameters  of  the  Boosters 


Long  Booster  Short  Booster 

Injection  energy 

3.5 

GeV 

Ejection  energy 

8.0 

GeV 

Inj.  trans  emittance 

1.5  x  10' 

•7 

m 

Inj.  energy  spread 

2.5  x  10- 

•3 

Circumference 

1071.6 

599.2 

m 

Number  of  cells 

94 

70 

Phase  shift  cell 

60° 

60* 

Betatron  tunes  (vx  =  vy) 

16.33 

11.66 

Superperiodicity 

2 

2 

Length  of  period 

11.4 

8.56 

m 

Length  of  straight  section 

57 

42.8 

m 

Bending  magnet 

whole  number 

162 

116 

in  main  lattice 

154 

108 

in  suppressors 

8 

8 

length 

4.56 

2.58 

m 

ki* 

±  0.0564 

0 

nr2 

k2*  (F  magnet) 

0.0193 

0 

m‘3 

k2*  (D  magnet) 

0.0264 

0 

m'3 

bending  radius 

116 

43.9 

m 

Quadrupole  lense 

whole  number 

26 

140 

in  straight  sections 

18 

18 

in  suppressors 

8 

8 

length 

0.6 

0.6 

m 

ki*  (max) 

0.455 

0.616 

m-2 

Natural  chromaticity 

-18.9 

-13.0 

Momentum  compaction 

5.12 

10.54 

x  lO  3 

RF  frequency 

508 

MHz 

RF  Voltage 

10 

20 

MV 

Energy  loss  per  turn  3.16 

Damping  partition  numbers 

8.96 

MV 

Tx 

-0.8216 

0.9801 

Ty 

1.0007 

1.004 

Tz 

3.8209 

2.0195 

Synchrotron  tune 

E  =  8.0  GeV 

0.0401 

0.0602 

E  =  3.5  GeV 

0.0643 

0.0965 

Final  emittance 

11.5 

17.7 

E 

OO 

• 

O 

ey 

4.1 

0.59 

E 

op 

© 

0.86 

1.75 

10'8  m 

Bunch  length 

E  =  3.5  GeV 

3.2 

2.5 

cm 

E  =  8.0  GeV 

1.3 

2.3 

cm 

Energy  spread 

E  =  8  GeV 

6.6  x  IQ'4  7.6  x  10'4 

RF  ond  inj. 
section 


t 

60m 


ip 


Fig.  1  Layout  of  booster  and  B-Factory. 


jl====ll=:=tiJ-UH|^_{_ji= — D  -|j=  fl 


Fig.  2  Lattice  of  the  final  part  of  the  arc,  the  dispersion 
suppressor  and  the  straight  section. 


*  ki  =  (^*)/(Bp) , 


32Bv 

k2  =  bp) 


Fig.  3  Change  of  emittance  with  energy. 
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Feedback 


■j  H(go)  k-04 — 

L— — 1  Disturbance 

_  Beam 

7272*1  Dynamics 

Figure  2.  Conceptual  diagram  of  a  feedback 
system  A(w)  acting  to  stabilize  a  system  H(u). 

It  is  important  to  realize  that  the  input  and  out¬ 
put  signals  are  identical  for  both  time-  and  frequency- 
domain  processing.  The  output  signal  of  a  time-domain 
system  contains  all  the  unstable-mode  frequency  informa¬ 
tion  found  at  the  output  of  an  all-mode  frequency-domain 
system.  The  approach  being  implemented  cannot  be  iden¬ 
tified  if  the  processing  electronics  are  hidden.  The  advan¬ 
tage  to  the  time-domain  (bunch-by-bunch)  approach  is  the 
potential  to  implement  a  more  compact  processing  block 
for  systems  with  thousands  of  bunches  and  insensitivity  to 
exact  knowledge  of  unstable  mode  frequencies. 

III.  FEEDBACK  CONTROL 

Figure  2  shows  a  summing  node  that  generates  an 
error  signal,  a  feedback  amplifier  with  complex  gain  A(u>), 
a  second  summing  node  that  adds  an  external  driving  term 
F(u),  and  a  beam-dynamics  block  with  complex  transfer 
function  H(u). 

A  disturbance  F(u)  applied  to  the  system  is  reduced 
by  the  feedback  amplifier  by  the  amount 

HW 

1  +  A{u)H(u) ' 

As  the  dynamics  of  the  beam  H(ui)  are  determined  by 
accelerator  design,  the  challenge  to  the  feedback  designer 
is  to  specify  A(u)  so  that  the  loop  is  stable,  the  response 
to  disturbances  V(w)  is  bounded,  and  the  transients  are 
well  damped. 

Both  longitudinal  and  transverse  feedback  systems 
can  be  described  by  Figure  2.  For  the  transverse  case, 
the  input  set  point  is  the  desired-orbit  mean  coordinate, 
and  the  output  signal  is  applied  via  a  transverse  electrode 
assembly  which  acts  with  a  transverse  kick  on  the  beam. 
For  the  longitudinal  case,  the  set  point  refers  to  the  desired 
stable-bunch  phase  or  energy,  and  the  correction  signal  is 
applied  to  the  beam  to  change  the  bunch  energy  [26]. 

One  fundamental  difference  between  longitudinal  and 
transverse  accelerator  feedback  systems  is  the  ratio  of  the 
oscillation  frequency  u/o  to  the  revolution  (sampling)  fre¬ 
quency  u>rw  If  Ur *v  >  2h/o,  the  Nyquist  sampling  limit 
is  not  exceeded  and  spectral  information  is  not  lost.  As 
synchrotron  frequencies  are  typically  lower  than  revolution 
frequencies,  the  sampling  process  does  not  alias  the  longi¬ 


tudinal  oscillation  frequency.  However,  in  the  transverse 
case,  betatron  frequencies  are  greater  than  revolution  fre¬ 
quencies,  and  the  sampling  process  aliases  the  oscillation 
to  a  different  (aliased)  frequency.  Thus,  the  transverse  sig¬ 
nal  processing  must  operate  at  an  aliased  frequency,  and 
be  capable  of  operating  over  a  range  of  aliased  frequencies 
representing  the  machine  betatron-tune  operating  range. 
A  general-purpose  processing  block  for  transverse  feed¬ 
back  may  be  implemented  using  two  beam  pickups  x/2 
apart  in  betatron  phase,  and  combining  these  signals  in  a 
quadrature  phase  shifter.  This  approach  allows  flexibility 
in  the  location  of  the  kicker  with  respect  to  the  pickups, 
and  allows  adjustment  for  machine  tune  via  scaling  of  the 
quadrature  coefficients  [11]. 

IV.  SIGNAL  PROCESSING  OPTIONS 

The  feedback  path  A(u)  in  Figure  2  has  several  func¬ 
tions: 

Detect  the  bunch  oscillation. 

Provide  a  x/2  phase  shift  at  the  oscillation 

frequency. 

Suppress  DC  components  in  the  error  signal. 

Provide  feedback  loop  gain  at  u0. 

Implement  saturated  limiting  on  large  oscillations. 

These  requirements  are  met  by  a  differentiator,  or  a 
bandpass  filter  centered  at  the  oscillation  frequency  wo, 
with  some  specified  gain  and  a  x/2  phase  shift  at  uo ■  DC 
rejection  of  the  filter  is  necessary  to  keep  the  feedback  sys¬ 
tem  from  attempting  to  restore  a  static  equilibrium  posi¬ 
tion  to  an  artificial  set  point.  The  filter  should  also  reject 
signals  above  the  oscillation  frequency  to  prevent  noise  or 
other  high-frequency  signals  from  being  mixed  down  into 
the  filter  passband  and  impressed  onto  the  beam.  The  lim¬ 
iting  function  allows  injection  (and  large-amplitude  excita¬ 
tion  of  the  injected  bunch)  while  still  damping  neighboring 
bunches  in  a  linear  regime.  The  saturated  processing  has 
been  shown  to  suppress  the  growth  of  coherent  instabilities 
from  injection-like  initial  conditions  [12]. 

For  systems  with  thousands  of  bunches,  an  efficient 
processing  approach  is  to  take  advantage  of  the  inherent 
sampling  at  wrev,  and  implement  the  filter  as  a  discrete 
time  filter  of  either  finite  impulse  response  (FIR)  or  infinite 
impulse  response  (IIR)  forms.  A  FIR  filter  is  a  convolution 
in  the  time  domain 

m— 1 

n  =  Y,  °nXk-n 

n=0 

where  Y*  is  the  filter  output  on  sample  k,  -X*  is  the  filter 
input  on  sample  k,  and  m  is  the  length  of  the  filter  (or 
number  of  past  input  samples  used  to  generate  an  output). 

There  are  many  possible  forms  of  filter  that  are  ad¬ 
equate  for  the  beam  feedback  task  [19].  Pure  delays  and 
differentiator  or  bandpass  functions  can  be  specified  to  im¬ 
plement  the  required  x/2  phase  shift.  One  possible  filter 
is  a  differentiator  using  two  taps  spaced  roughly  x/6  of  an 
oscillation  cycle  apart.  If  the  tap  spacing  is  x/2  at  the  syn¬ 
chrotron  period,  a  two-tap  bandpass  filter  can  be  created. 
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Choosing  among  the  many  possible  filters  requires  trade¬ 
offs  in  signal-to-noise  (the  differentiators  emphasize  high 
frequencies)  and  in  the  complexity  of  the  filter. 

These  filters  can  be  realized  by  several  approaches. 
All-analog  approaches  are  possible,  in  which  the  required 
feedback  filter  is  implemented  as  a  transversal  filter  com¬ 
prised  of  several  stages  of  tapped  delay  lines.  Dispersion 
and  losses  in  the  delay  line  must  be  matched  to  the  fil¬ 
ter  properties.  For  example,  a  full  oscillation-period  lon¬ 
gitudinal  filter  for  a  PEP-II-like  facility  (136  kHz  i  7 
kHz  u,)  with  4  ns  spacing  between  the  bunches  would  re¬ 
quire  a  total  delay  time  of  roughly  140  /is  with  a  signal 
bandwidth  of  greater  than  125  MHz,  or  a  r  B  product  of 
2  x  104.  Only  optical  delay  r£ma*  =  10®  lines  allow  ade¬ 
quate  bandwidth-delay  product  to  implement  the  PEP-II 
filter.  Longitudinal  filters  for  the  SSC  or  LHC  machines, 
with  their  several  Hz  synchrotron  frequencies  and  60  MHz 
bunch-crossing  frequencies  lode  even  more  challenging,  re¬ 
quiring  tB  products  of  greater  than  10®  for  a  full-period 
filter. 

In  contrast,  digital  signal-processing  techniques  look 
very  attractive  as  the  means  to  implement  these  feedback 
filters.  One  interesting  feature  of  the  time-domain  process¬ 
ing  scheme  is  that  the  feedback  process  uses  only  informa¬ 
tion  from  a  particular  bunch  to  compute  the  feedback  sig¬ 
nal  for  that  bunch.  It  is  therefore  possible  to  implement  a 
parallel  processing  strategy  and  spread  the  high  sampling- 
rate  bunch  information  among  several  slower  computing 
blocks. 

For  longitudinal  feedback  urev  is  typically  much 
higher  than  the  oscillation  frequency  w,,  and  it  is  possi¬ 
ble  to  implement  a  downsampled  processing  channel.  In 
a  downsampled  scheme  the  information  about  a  bunch’s 
oscillation  coordinate  is  only  sampled  once  every  n  rev¬ 
olutions,  and  a  new  correction  signal  only  updated  once 
every  n  crossings  [13].  This  approach  reduces  the  number 
of  multiply-accumulate  operations  in  the  filter  by  a  fac¬ 
tor  of  l/na.  Table  1  shows  the  aggregate  filter  complex¬ 
ity  (in  MACS/sec)  for  downsampled  five-tap  filters  and 
non-downsampled  two-tap  filters  for  five  accelerator  facil¬ 
ities.  The  advantage  of  downsampling  in  reducing  the  ag¬ 
gregate  MAC  rate  is  clearly  seen.  The  filter  complexity 
linearly  scales  with  the  MAC  rate  in  terms  of  storage  re¬ 
quired  and  speed  of  the  operations.  Large  facilities  with 
low  synchrotron  frequencies  are  especially  good  candidates 
for  downsampled  processing.  For  example,  the  SSC  de¬ 
sign,  with  a  3.4  kHz  revolution  frequency  and  a  4-7  Hz 
synchrotron  frequency,  samples  the  bunch  information  500 
to  850  samples  per  cycle,  or  250-400  times  the  Nyquist 
limited  rate.  The  downsampled  processing  technique  al¬ 
lows  the  use  of  arrays,  or  “farms,”  of  commercial  single¬ 
chip  DSP  microprocessors  to  compactly  implement  feed¬ 
back  systems  for  thousands  of  bunches.  This  approach 
is  particularly  well-matched  to  the  commercial  activity  in 
digital  signal-processing  microprocessors. 
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Figure  3.  Block  diagram  of  the  PEP-II 
longitudinal  feedback  system. 

Table  1. 


Filter  Complexity  for  Five  Accelerators. 


Parameter 

PEP-II 

ALS 

DA^NE 

SSC 

LHC 

Number 
of  bunches 

1746 

328 

120 

17424 

5940 

T 

revolution 

(sec) 

7.3  E-6 

6.6  E-7 

3.2  E-7 

3  E-4 

9  E-5 

r 

synchrotron 

(sec) 

1.4  E-4 

7.9  E-5 

2.6  E-5 

.24 

13  E-2  (min) 

43  E-2  (max) 

T.lTt 

19.2 

121 

79.8 

814 

150  (min) 

540  (max) 

Filter 

MACS/sec 

2  TAP 
non- 

downsampled 

5E8 

1E9 

7.4  E8 

1.2  E8 

13  E8 

Downsampling 

Factor 

4 

24 

16 

161 

30  (min) 

108  (max) 

Filter 

MACS/sec 

Downsampled 

5  TAP 

3E8 

1E8 

1.2  E8 

2  E6 

1  E7  (min) 

3  E6  (max) 

V.  OPERATION  OF  A  DSP  FEEDBACK 
SYSTEM  AT  SPEAR  AND  ALS 

Figure  3  shows  the  essential  components  of  the  PEP- 
II  longitudinal-feedback  system  in  development  at  SLAC 
[14,15].  This  design  was  selected  lor  use  by  the  PEP-II  B 
factory,  the  LBL  Advanced  Light  Source  (ALS),  and  the 
Frascati  <f>  factory  DA^NE  [16].  A  prototype  system  was 
constructed  incorporating  an  eight-tap  stripline  comb  gen¬ 
erator,  a  master-phase  reference  oscillator,  a  phase  detec¬ 
tor,  250  MHz  A/D  and  D/A  stages,  and  an  AT&T  1610 
DSP  microprocessor. 

The  prototype  feedback  system  was  tested  in  Septem¬ 
ber  1992  using  the  SPEAR  storage  ring  at  SLAC,  and  in 
April  1993  on  the  ALS  at  LBL  [17].  For  this  experiment 
the  beam  was  sensed  via  a  button-type  BPM  electrode  and 
processed  by  the  prototype  B  factory  front  end.  The  DSP 
feedback  signal  was  used  to  control  a  phase  shifter  act¬ 
ing  on  the  rf  cavity  phase,  which  closed  the  loop  around 
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Figure  4.  Magnitude(a)  and  phase(b)  response  for  a 
single  bunch  for  open-loop  and  closed-loop  gains  of  18 
and  28  dB.  The  associated  Q  factors  are  200  (open 
loop),  20  (18  dB)  and  5  (28  dB). 

the  stored  beam.  The  feedback  filters  used  in  these  ex¬ 
periments  are  the  same  type  proposed  for  PEP-II  (five-tap 
FIR  bandpass  filter),  with  a  downsampling  factor  of  eight 
(SPEAR)  or  thirty-one  (ALS). 

The  SPEAR  and  ALS  storage  rings  do  not  have  a 
wideband  kicker  of  the  type  proposed  for  PEP-II  [18].  The 
systems  implemented  used  one  of  the  two  main  rf  accelerat¬ 
ing  cavities  to  apply  corrections  to  the  beam.  As  the  band- 
widths  of  the  rf  systems  are  limited  to  40  kHz  and  20  kHz, 
it  is  not  possible  to  implement  true  multibunch  feedback 
systems.  Therefore,  all  of  the  closed-loop  measurements 
were  performed  using  a  single  stored  bunch  demonstrat¬ 
ing  the  behavior  of  a  single  bunch  acted  upon  by  a  digital 
feedback  system.  An  additional  series  of  open-loop  mea¬ 
surements  were  made  with  the  rings  filled  with  multiple 
bunches,  which  allows  multi-bunch  coupling  to  be  observed 
but  not  controlled. 

Figures  4a  and  4b  show  the  magnitude  and  phase  re¬ 
sponses  of  the  SPEAR  beam-transfer  function  for  an  open- 
loop  configuration,  and  for  closed-loop  gains  of  18  and 
28  dB.  In  this  figure  the  open-loop  response  shows  a  weakly 
damped  harmonic  oscillator  as  described  by  Equation  1, 
with  a  Q  of  200.  The  natural  damping  present  in  this  case 
is  due  to  Robinson  damping  as  well  as  radiation  damping. 
We  see  in  the  figure  the  action  of  the  feedback  system  to 
increase  the  damping  term  in  Equation  1 ,  and  lower  the  Q 
of  the  harmonic  oscillator.  The  configuration  with  28  dB 
of  loop  gain  barely  displays  any  resonant  behavior  (Q  =  5), 
and  suggests  that  the  transient  response  of  the  combined 
system  will  damp  in  a  few  cycles. 
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Figure  5.  ALS  power  spectra  for  open  loop  and  31  dB 
loop  gain. 

Figure  5  presents  power  spectra  of  the  ALS  bunch 
motion  for  single-bunch  operation  with  the  feedback  sys¬ 
tem  operated  open  loop  and  with  31  dB  loop  gain.  In  this 
measurement  a  broadband  noise  source  is  used  to  excite 
the  beam  through  the  rf  cavity.  The  figure  shows  a  28  dB 
reduction  in  the  magnitude  of  the  synchrotron  oscillation 
due  to  the  external  damping  provided  by  the  feedback  sys¬ 
tem. 

The  time  response  of  the  system  can  be  observed  in 
Figure  6.  In  this  experiment  the  feedback  loop  is  opened, 
and  a  gated  burst  at  the  synchrotron  frequency  is  applied 
via  the  rf  cavity.  This  excitation  burst  drives  a  growing 
synchrotron  oscillation  of  the  beam.  The  excitation  is  then 
turned  off  and  the  feedback  system  loop  closed.  Figure  6a 
shows  the  free  decay  of  the  SPEAR  beam  in  which  the 
damping-time  constant  (e  folding  time)  in  the  absence  of 
feedback  is  2  ms.  Figure  6b  shows  the  damping  transient 
of  such  a  gated  burst  for  a  33  dB  loop-gain  configuration 
which  reduces  the  damping  time  constant  to  40  ps. 

To  quantify  the  equilibrium  noise  performance  of  the 
damping  system  the  rms  bunch  phase  was  measured  at  the 
completion  of  the  damping  transient.  These  measurements 
reveal  that  the  residual  beam  motion  is  roughly  2.5  mR  at 
358  MHz  (3%  of  the  1.4  cm  bunch  length),  corresponding 
to  a  time  jitter  of  1  ps.  The  quantizing  interval  for  the 
system  as  configured  at  SPEAR  was  2.7  mR,  indicating 
that  the  feedback  system  acted  to  damp  excitations  and 
noise  to  within  the  front-end  quantization  interval. 

VI.  SUMMARY 

Multibunch  feedback  systems  may  be  understood  as 
electronic  systems  which  add  damping  to  the  motion  of 
particles  in  an  accelerator.  The  systems  may  be  designed 
using  frequency-  or  time-domain  formalisms.  An  example 
system  which  uses  digital  signal  processing  has  been  tested 
at  SPEAR  and  the  ALS.  These  system  measurements  have 
shown  the  operation  of  all  the  essential  detection  and  pro¬ 
cessing  components  required  for  the  PEP-II  longitudinal- 
feedback  system.  The  fast  front-end  circuits  were  demon- 


2079 


0  1  2  3  4  5 

m  sec  (*1 0-3)  7447A2 


Figure  6.  Time  response  of  a  SPEAR  excited  bunch — 
open-loop  response  in  8a,  33  dB  loop  gain  in  8b. 

strated  with  the  required  4  ns  bunch  spacing,  and  the  dig¬ 
ital  signal-processing  filter  proved  for  linear  and  saturated 
modes.  The  digital  filter-signal  processing  provides  a  very 
flexible  and  general-purpose  feedback  system  which  is  eas¬ 
ily  configured  to  operate  for  varied  operating  facilities. 
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ABSTRACT 

Recent  improvements  in  optical  components  have  provided 
another  choice  for  signal  processing  for  beam  instrumentation 
and  feedback.  Signal  transmission  utilizing  the  low  insertion 
loss  of  optical  fibers  has  been  attractive  for  years.  Today 
optical  amplifiers  are  available  in  several  wavelength  ranges. 
Tliese  amplifiers  provide  photon  to  photon  gain,  eliminating 
the  need  to  down  convert  signals  back  to  baseband  for 
regenerative  repeaters.  New  temperature  stabilized  fibers 
virtually  eliminate  transmission  delay  variation,  a  feature  that 
can  be  critical  for  synchronizing  distribution  of  timing  signals. 
Optical  attenuators,  filters,  couplers,  and  isolators  are  also 
readily  available  making  signal  processing  similar  to 
RF/Microwave  engineering.  The  presentation  will  discuss 
these  components  and  techniques  while  referring  to  a  new 
optical  storage  ring  that  will  be  used  to  make  a  notch  filter  for 
Bunched  Beam  Cooling  in  the  Fermilab  Tevatron. 

L  INTRODUCTION 

Optical  signal  processing  is  now  a  viable  alternative  for 
implementing  instrumentation  in  accelerators.  Many  of  the 
new  machines  are  either  very  large  in  size  or  very  exacting  in 
timing  precision,  old  machines  can  also  benefit  from  the 
improved  performance  of  optical  fibers  and  components. 

Signal  transmission  around  huge  accelerators  has 
typically  been  done  with  standard  coaxial  cable.  Information 
bandwidth  has  increased  over  the  years  extending  into  gigahertz 
bandwidtbs.  The  long  lengths  coupled  with  wide  bandwidth 
leads  to  high  insertion  loss  and  dispersion  on  standard  coax. 
Single  mode  fiber  optics  and  narrow  line  width  lasers  open  up 
a  new  gateway  to  high  data  rates  over  long  hauls  with  a 
minimum  of  loss  and  virtually  no  dispersion. 

n.  FIBER  OPTICS  VS  COAXIAL 
TRANSMISSION  LINES 

A  single  mode  optical  fiber  has  a  bandwidth  capacity  of 
100  GHz  per  kilometer,  far  in  excess  of  the  modulators 
available  today.  The  insertion  loss  ranges  from  0.35  dB  per 
kilometer  at  1310  nanometers  to  0.15  dB  per  kilometer  at 
1550  nanometers.  There  are  two  main  types  of  fibers,  the 
standard  fiber  has  a  zero  dispersion  wavelength  of  1310 
nanometers  and  dispersion  shifted  fiber  with  a  zero  at  1 550 
nanometers.  The  line  width  of  the  transmitter  light  source  and 
its  operating  wavelength  determine  the  maximum  useful 
bandwidth  transmission  length  product.  Cost  of  signal  mode 
fiber  is  approximately  25  to  50  cents  per  meter. 

In  contrast,  coaxial  cable  must  be  chosen  by  examining  the 
transmission  bandwidth,  allowable  link  loss,  and  available 
funds.  Larger  coax  has  lower  loss,  higher  cost,  and  limited 
bandwidth  due  to  higher  mode  propagation.  Smaller  coax  has 
♦Operated  by  the  Universities  Research  Association 
under  contract  with  the  U.S.  Department  of  Energy 


the  advantage  of  increased  bandwidth  and  lower  cost,  but  at  the 
expense  of  high  losses.  In  all  wide  band  use  of  coax,  it  is 
important  to  take  into  account  the  effects  of  dispersion.  As 
can  be  seen  in  Figure  1,  a  length  of  1/2  coax  that  is  100  feet 
long  not  only  has  a  gain  slope  versus  frequency,  but  also 
nonlinear  phase  characteristics  due  to  dispersion. 
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Figure  1.  Amplitude  and  phase  response  for  100  feet  of 
1/2  in  foam  coax  measured  0.5  to  8.5  GHz. 

For  very  stringent  timing  conditions,  a  specially  fabricated 
single  mode  fiber  with  very  low  temperature  coefficient  is 
available[l].  The  fiber  is  jacketed  in  a  special  polymer  coating 
that  reduces  the  temperature  dependent  propagation 
characteristics  dramatically  while  maintaining  the  low 
insertion  loss  and  wide  bandwidth  characteristics  of  standard 
single  mode  fiber.  Figure  2  shows  the  comparison  of  this 
special  fiber  and  standard  fiber  versus  temperature. 

Most  communication  systems  use  amplitude  modulation  of 
the  optical  carrier  for  information  transfer.  Another  possibility 
in  some  applications  would  require  coherent  signal 
transmission  such  as  in  interferometers.  Due  to  polarization 
sensitivity,  coherent  systems  rely  on  polarization  maintaining 
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fibers  and  components.  These  fibers  have  elliptical  cores 
which  help  preserve  polarization.  Couplers,  polarizers  and 
other  components  are  available.  [2] 


Transmission  Delay  Time  Change 
versus  Temperature 


Figure  2.  Transmission  delay  time  change  versus 
temperature  for  conventional  and  temperature  stabilized  single 
mode  fiber  optic 


HI.  COMPONENTS 

Instrumentation  in  the  RF/Microwave  frequency  ranges  has 
always  required  more  than  just  a  good  transmission  medium. 
Other  components  such  as  couplers/splitters,  isolators,  filters, 
switches,  attenuators,  transmitters,  receivers,  amplifiers,  etc. 
are  necessary.  All  of  the  above  devices  are  now  available  in 
fiberoptic  form. 

Fiber  optic  couplers/splitters  are  available  over  a  wide 
range  of  coupling  values.  The  advantage  over  their  microwave 
counter  parts  is  that  the  directivity  of  these  components 
routinely  exceeds  60  dB.  Fanout  splitters  with  2  to  16  outputs 
are  catalog  items. 

Isolators  utilizing  the  faraday  rotation  of  the  light  rays  can 
provide  40  plus  dB  of  reverse  isolation.  This  is  an  important 
consideration  in  conjunction  with  laser  transmitters.  A  laser 
transmitter  outfitted  with  an  isolator  can  afford  a  higher 
percentage  of  output  coupled  light  with  out  fear  of  back 
reflections  that  might  otherwise  damage  the  laser.  The  end 
result  being  higher  transmitter  power  and  longer  transmission 
length  capability. 

Manually  and  voltage  tuned  Fabry-Perot  bandpass  filters  are 
available.  They  are  typically  used  for  separating  different 
wavelength  carriers  in  wavelength  division  multiplexing 
systems.  Band  limiting  noise  is  also  a  use  with  optical 
amplifiers. 

Programmable  MxN  switch  matrices  with  switching 
times  typically  15  ms  or  less  are  standard.  Most  switches  have 
back  reflections  of  55  dB  typical.  Attenuators  with  continuous 


tuning  range  of  30  dB  are  available  in  manual  and  voltage 
tuned  versions. 

The  bandwidth  of  transmitters  and  receivers  has  increased 
steadily  over  the  last  few  years.  Transmitter  bandwidths  of  15 
GHz  employing  amplitude  modulation  of  laser  diode  current 
are  standard.  Receiver  bandwidths  exceed  20  GHz.  Due  to  the 
low  input  impedance  of  the  laser  and  photo  diodes,  resistive 
matching  networks  are  used  to  achieve  the  broad  bandwidths. 
Lossy  matching  yields  a  typical  insertion  loss  of  40  dB,  but  is 
flat  across  the  band  as  shown  in  figure  3.  [3]  If  a  bandwidth 
greater  than  15  GHz  is  necessary,  external  Mach-Zender 
interferometer  modulators  are  capable  of  bandwidths  in  excess 
of  20  GHz.[4] 
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Figure  3.  Broad  band  optical  link  with  6.44  km  of  fiber 
measured  from  4-10  GHz. 

Perhaps  the  most  important  innovation  of  the  last  decade  is 
the  optical  amplifier.  Long  transmission  links  such  as  the 
trans-  Atlantic  fiber  required  electronic  repeaters  every  40  to  60 
kilometers.  This  meant  decoding  and  re-modulating  the  signal 
some  125  times.  With  an  optical  amplifier,  the  information 
never  leaves  the  photon  domain.  There  are  two  types  of 
optical  amplifiers,  a  solid  state  version  which  operates  at  1310 
nm,  and  an  Erbium  doped  fiber  version  which  operates  at  1550 
nm. 

The  solid  state  amplifier  (SOA)  [5]  is  basically  a  diode 
laser  biased  below  the  critical  current  The  reflective  facets  are 
replaced  with  anti  reflective  coatings.  Incoming  photons 
stimulate  emission  in  the  diode  amplifier  producing  10  to  15 
dB  of  bi-directional  gain.  The  draw  back  of  these  amplifiers  is 
the  high  broad  band  noise  output.  They  typically  are  used 
with  some  type  of  bandpass  filter. 

Erbium  doped  fiber  amplifiers  (EDFA)  [6]  are  lengths  of 
rare  earth  single  mode  fiber  that  are  pumped  with  a  diode  laser 
of  a  different  wavelength.  The  pumping  causes  a  population 
inversion  that  releases  stimulated  emission  from  incoming 
photons.  These  amplifiers  are  substantially  quieter  than  the 
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solid  state  units  and  are  capable  of  more  gain  and  output 
power.  This  coupled  with  the  lower  insertion  loss  of  fiber  at 
1550  nm  has  allowed  transmission  links  that  require  repeaters 
at  intervals  of  200  km.  The  trans-Pacific  link  will  be  installed 
with  Erbium  amplifier  technology. 

For  now,  finding  the  rare  earth  that  will  make  a  fiber 
amplifier  at  1310  is  still  a  research  project.  Most  of  the 
installed  fiber  systems  operate  at  1310  nm  so  there  is  keen 
interest  in  fiber  amplifiers  at  this  wavelength. 

IV.  EXAMPLE  OF  OPTICAL  SIGNAL 
PROCESSING 

One  example  of  signal  processing  using  many  of  the 
mentioned  components  is  a  special  correlator  notch  filter  that 
is  required  for  Bunched  Beam  Stochastic  Betatron  Cooling  in 
the  Ffermilab  Tevatron[7][8].  This  filter  is  designed  to  provide 
a  recursive  notch  filter  operating  4-8  GHz  that  has  a  "brick 
wall"  amplitude  transfer  function  with  flat  phase  between 
notches,  see  figure  4.  The  filter  is  designed  to  reduce  the 
longitudinal  spectral  lines  from  the  bunched  beam  signal 
(figure  5)  with  out  degrading  the  amplitude  and  phase  of  the 
betatron  schottky  signal  sidebands.  Notch  frequency  stability 
of  0.1  part  per  million  is  desired. 

A  simplified  block  diagram  of  the  filter  is  shown  in  figure 
6.  If  the  optical  storage  ring  can  be  built  to  have  unity  gain, 
the  Q  becomes  infinite,  thus  leading  to  the  desired  brick  wall 
transfer  function.  [9]  As  was  pointed  out  earlier,  optical  fiber 
has  very  low  insertion  loss,  but  not  zero.  In  addition,  there  is 
insertion  loss  in  the  input  and  output  couplers.  The  length  of 
fiber  used  to  make  this  filter  is  4.5  kilometers  in  length  which 
corresponds  to  a  transmission  signal  delay  of  21  microseconds, 
i.e.  the  revolution  time  of  the  beam  in  the  Tevatron.  The 
insertion  loss  of  the  optical  fiber  alone  is  2  dB. 


Our  filter  uses  the  Sumitomo  temperature  stabilized  fiber 
to  achieve  the  frequency  stability  mentioned  earlier.  Figure  7 
shows  the  storage  ring  Q  as  a  function  of  optical  loop  gain. 

Before  the  availability  of  optical  amplifiers,  such  rings 
were  made  by  putting  a  repeater  within  the  loop  thus  requiring 
demodulation  and  regeneration.  At  wide  microwave  frequencies 
this  presents  a  degradation  in  signal  to  noise  ratio.  The  solid 
state  optical  amplifier  used  in  this  filter  is  polarization 
insensitive  ,  an  important  requirement.  The  slightest  twist  of 
any  part  of  the  fiber  causes  the  polarization  to  change 
dramatically.  If  the  loop  gain  is  not  maintained  close  to  unity, 
the  filter  will  have  low  Q.  If  the  gain  exceeds  unity,  you  have 
an  optical  oscillator  on  you  hands  that  could  damage  the 
amplifier. 

Due  to  the  high  output  noise  of  the  amplifier,  a  tunable 
bandpass  filter  is  placed  after  the  amplifier.  The  amplifier  has 
gain  in  both  directions  and  the  laser  transmitter  is  sensitive  to 
back  reflections.  An  isolator  is  installed  to  reduce  reverse  loop 
gain. 

The  dynamic  range  of  the  optical  transmitter/receiver  is  55 
to  60  dB.  This  is  insufficient  dynamic  range  for  this  filter 
application  hence  a  parallel  microwave  path  provides  the  short 
leg  of  the  correlator  filter.  The  spectral  width  of  the  laser 
transmitter  source  is  of  importance  with  such  long  delays.  To 
avoid  any  coherence  length  problems,  one  would  like  a  wide 
spectral  source.  Distributed  feedback  lasers!  10]  produce  very 
narrow  line  widths  that  can  lead  to  carrier  interference  in  the 
loop.  We  are  using  a  Fabry-Perot  laser  which  has  a  line  width 
of  10  MHz. 

Figure  8  is  a  gain  and  phase  plot  of  the  actual  filter 
performance.  Narrower  frequency  span  data  shows  the  notch 
depth  to  be  in  excess  of  30  dB.  Figure  9  shows  the  dynamic 
range  of  the  filter. 


Figure  4.  Ideal  amplitude  and  phase  characteristics  for  a 
storage  ring  correlator  notch  filter. 
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Figure  5.  Typical  Tevatron  vertical  bunched  beam 
spectrum  at  4  GHz  as  measured  by  the  vertical  proton  pickup. 


Figure  7.  Variation  of  optical  storage  ring  Q  as  a  function 
of  loop  gain. 


Figure  6.  Block  diagram  of  optical  storage  ring  correlator  notch  filter 
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Figure  8.  Amplitude  and  Phase  plot  of  actual  filter 
performance. 


Figure  9.  Dynamic  range  performance  of  actual  filter. 
Filter  is  narrow  band  swept  by  network  analyzer  and  plotted  on 
wide  band  with  spectrum  analyzer.  Peaks  are  noise  floor  of 
optical  portion  of  correlator  filter. 
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V.  CONCLUSIONS 


We  have  successfully  used  optics  to  create  a  filter  for  a 
feedback  system  that  could  only  be  fabricated  in  the  optical 
domain  because  of  the  limitation  of  microwave  transmission 
lines  and  devices.  Four  such  filters  must  be  fabricated  for  the 
full  Tevatron  Bunched  Beam  Stochastic  Cooling  systems. 
Future  plans  are  to  extend  the  cooling  bandwidth  to  8-16  GHz. 
Because  of  the  wide  bandwidth  capacity  of  the  fiber  optics, 
only  the  transmitter  and  receiver  will  need  to  be  r  placed. 
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Abstract 

The  usefulness  of  imaging  electro-optics  for  rf-driven 
accelerators  can  be  enhanced  by  synchronizing  the  instruments 
to  the  system  fundamental  frequency  or  an  appropriate 
subharmonic.  This  step  allows  one  to  obtain  micropulse  bunch 
length  and  phase  during  a  series  of  linac  bunches  or  storage 
ring  passes.  Several  examples  now  exist  of  the  use  of 
synchroscan  and  dual-sweep  streak  cameras  and/or  image 
dissector  tubes  to  assess  micropulse  scale  phenomena  (10  to  30 
ps)  during  linac  and  storage  ring  operations  in  the  U.S.,  Japan, 
and  Europe.  As  space  permits,  selections  will  be  presented 
from  the  list  of  phase  stability  phenomena  on  photoelectric 
injectors,  micropulse  bunch  length  during  a  macropulse, 
micropulse  elongation  effects,  transverse  Wakefield  effects 
within  a  micropulse,  and  submicropulse  phenomena  on  a 
stored  beam.  Potential  applications  to  the  subsystems  of  the 
Advanced  Photon  Source  (APS)  will  be  briefly  addressed. 

I.  INTRODUCTION 

Significant  advantages  for  imaging  instrumentation  used 
for  diagnostics  and  experiments  on  rf-driven  accelerators  can 
be  realized  if  the  electro-optics  are  synchronized  to  the 
accelerator  fundamental  frequency  or  a  subharmonic  of  the 
master  oscillator.  This  step  allows  one  to  obtain  bunch  length 
and  phase  during  a  series  of  linac  beam  bunches  or  storage 
ring  turns.  Over  the  last  few  years  synchroscan  and  dual¬ 
sweep  techniques  using  streak  cameras  [1-3]  and/or  image 
dissector  tubes  [4]  have  been  used  to  assess  micropulse  scale 
phenomena  (10  to  30  ps)  during  linac  and  storage  ring 
operations  in  the  U.S.,  Japan,  and  Europe.  Space  constraints 
will  limit  discussion  to  selections  from  the  list  of  phase 
stability  phenomena  on  a  photoelectric  injector,  micropulse 
bunch  length  variation  during  a  macropulse,  micropulse 
elongation  effects,  transverse  Wakefield  effects  within  a  linac 
micropulse,  and  head-to-tail  bunch  instabilities  in  a  stored 
beam.  Potential  applications  to  the  subsystems  of  the 
Advanced  Photon  Source  (APS)  will  be  addressed.  Although 
the  number  of  examples  is  not  large,  the  applications  described 
cover  the  gamut  of  rf-accelerators  one  might  encounter  within 
this  conference’s  purview. 


•Work  supported  by  the  U.S.  Department  of  Energy,  Office  of 
Basic  Energy  Sciences,  under  Contract  No.W-3 1-109-ENG-38. 


II.  BACKGROUND  AND  PROCEDURES 

In  some  of  the  earlier  attempts  on  using  single-shot 
streak  cameras  to  assess  the  micropulse  bunch  length  of  beams 
from  a  variety  of  linac  configurations,  one  encountered 
triggering  jitter  from  the  standard  pulse  generators  at  that  time 
as  well  as  the  internal  streak  camera  timing  jitter.  The  first 
area  we  solved  by  using  a  synchronous  delay  unit  developed 
at  EG&G  (SBO)  that  referenced  itself  to  the  108.3-MHz 
subharmonic  and  then  allowed  time  delays  with  low  jitter  for 
triggering  the  streak  camera.  Basically  at  that  time,  we 
dropped  the  ±  100  ps  jitter  to  about  ±  20  ps  [5].  Practically 
speaking,  this  meant  the  streak  image  stayed  localized  in  the 
400-ps  field-of-view  instead  of  bouncing  up  and  down  by  one 
fourth  the  viewed  scene  on  the  time  axis.  Within  the  free- 
electron-laser  (FEL)  community  where  I  was  working  at  that 
time,  the  need  for  phase  stability  of  the  e-beam  relative  to  the 
oscillator  cavity  caused  us  to  lode  at  a  tradeoff.  As  seen  in 
Table  1  (Hamamatsu  C1587  mainframe),  one  can  significantly 


Table  1  Summary  of  Streak  Camera  Module  Properties 


Temporal 
Resolution 
Module*  (FWHM,  ps) 

Ptiass  Jitter 
(FWHM,  ps) 

Phase  Jitter 
(rms,  ps) 

Fast  Sweep  <  2 

(single) 

10-15 

4-6 

Synchroscan  6-8 
(M 1954) 

4 

1.7 

Synchroscan  -  3  -  4 
(M  1954-10) 

2 

-0.8 

reduce  the  streak  camera  internal  jitter  by  using  the 
synchroscan  mode.  In  this  mode,  the  108.3-MHz  if  signal  is 
injected  directly  into  the  camera’s  sweep  circuitry  so  the  plates 
are  driven  at  the  rf  frequency  and  with  much  lower  timing 

jitter  [2].  The  temporal  resolution  was  reasonable  in  the 
Hamamatsu  M1954  system  (8-10  ps),  but  was  improved  in  the 
M1954-10  unit  with  3-4  ps  (FWHM)  resolution  and  an  rms 
jitter  <1  ps. 

Additionally,  once  in  the  synchroscan  mode,  one  could 
synchronously  sum  the  signals  from  a  series  of  micropulses 
(such  as  from  optical  transition  radiation  (OTR))  in  a  linac  or 
turns  in  a  storage  ring.  To  obtain  some  knowledge  of 
evolution  within  these  much  longer  timescales,  the  orthogonal 
set  of  plates  in  the  tube  were  given  a  time-dependent  ramp 
(Fig.  1).  This  allows  micropulse  phenomena  to  be  tracked 
during  macropulse  timescales.  We  identified  a  number  of 
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phenomena  that  previously  were  difficult  to  assess.  These 
included  observation  of  the  time  structures  of  the  field- 
emission  electrons  reported  at  the  last  PAC  [6],  and  a  number 
of  transient  phase  phenomena  in  photoinjectors,  linacs,  and 
potentially  in  storage  rings.  The  work  here  uses  visible-UV 
imaging,  but  could  be  extended  in  principle  to  the  VUV,  XUV, 
and  x-ray  regimes.  The  techniques  directly  apply  where  a 
conversion  mechanism  transforms  the  particle  beam 
information  into  the  detectable  photon  field.  Descriptions  of 
many  of  these  results  are  given  in  more  detail  elsewhere  [3]. 
I  will  concentrate  on  data  from  the  rf-linac  driven  FEL 
programs  at  Los  Alamos  and  Boeing,  which  include  the  first 
dual-sweep  results  on  a  drive  laser  for  a  photoinjector  and  for 
linac-driven  FELs.  It  should  be  noted  that  work  in  Japan  was 
the  first  on  a  storage  ring  [1],  while  additional  effort  with  a 
different  dual  sweep  camera  has  been  going  on  at  CERN  by 
E.  Rossa  in  1990-93.  [7] 


operation,  several  references  exist  [9].  We  actually  looked  at 
both  the  fundamental,  X=1.0S3  pm,  before  and  after  the  pulse 
compressor  as  well  as  the  final  doubled-frequency  component 
after  the  KTP  crystal  which  was  delivered  to  the  photocathode. 


FR  -  Faraday  rotator  optical  isolator 
EOS  -  Efectro-opoc  shutter 

KTP  -  Potassium  litany!  phosphate  frequecy  doubling  crystal 
+  5  -  Fast  pockets  ceU  shutter  transmitting  every  fifth  pulse 


Figure  1  A  schematic  of  the  dual-sweep  streak  techniques. 


Figure  2  Schematic  of  modelocked  Nd:  YLF  drive  laser  on  the 
Los  Alamos  photoinjector. 

The  initial  data  that  we  saw  were  synchroscan  streak 
images  on  the  video  monitor  that  moved  (jittered)  on  the  time 
axis  more  than  the  pulse  length.  There,  of  course,  was  a 
discussion  over  whether  this  image  jitter  was  due  to  streak 
camera  timing  jitter  or  laser  jitter.  We  resolved  this  by  playing 
back  from  the  encoded  video  record  into  the  digitizer  a  series 
of  consecutive  macropulses  and  displaying  them  in  sets  of 
four.  In  this  case  (Fig.  3),  the  horizontal  axis  is  the  time  axis, 
and  the  motion  of  the  center  of  the  profile  is  evident 
(macropulse  integrated).  From  the  same  set  of  video-encoded 


III.  EXAMPLES  OF  RESULTS 

As  discussed  earlier,  the  usefulness  of  these  techniques 
can  be  graphically  demonstrated  by  measurements  made  in 
various  stages  of  the  production  and  use  of  a  charged-particle 
beam  in  an  accelerator  system.  Possible  uses  include  the 
experimental  area,  a  FEL  wiggler,  injection  into  a  storage  ring 
and  its  undulators,  etc. 

A.  Photoinjector  Drive  Laser 

Laser  phase  jitter  was  not  identified  as  an  issue  in  an 
early  configuration  of  the  1-MeV  photoinjector  at  Los  Alamos 
because  the  jitter  was  much  less  than  the  ~60  ps  bunch  length. 
However,  phase  stability  issues  soon  became  evident  in  the 
next  configuration  of  a  6-MeV  photoinjector,  followed  by  a 
second  12-MeV  accelerator  [8].  In  these  operations  of  the 
1300-MHz  rf  cavity  and  with  drive  laser  bunch  lengths  of  5-15 
ps,  drive  laser  phase  jitter  shot-to-shot  directly  impacted 
particle  beam  stability  shot-to-shot  (macropulse-to-macropulse). 
Because  there  has  been  increased  activity  in  the  use  of  these 
devices,  it  is  appropriate  to  remind  the  accelerator  community 
of  the  obvious:  you  need  a  stable  laser.  The  mode-locked 
Nd:YLF  oscillator  configuration  at  Los  Alamos  is  shown  in 
Fig.  2.  Although  details  will  not  be  presented  here  of  its 


TR  1  (1-4) 


TR  2  (5-8) 


Figure  3  Drive  laser  micropulse  temporal  profiles  for  8 
consecutive  macropulses  taken  using  the  synchroscan  streak 
camera. 

data  we  analyzed  the  electron  spectrometer  images  at  the  end 
of  the  linac  for  the  same  16  macropulses  and  tracked  the  e- 
beam  energy.  As  seen  in  Fig.  4,  a  strong  correlation  is 
observed  between  the  relative  drive  laser  phase  jitter  and  the 
e-beam  energy.  A  sensitivity  of  about  0.1%  AE/ps  at  17  MeV 
was  observed  which  was  in  reasonable  agreement  with 
PARMELA  simulations.  [10,  11]  This  was  cross-checked 
against  a  deliberate  change  of  a  NARDA  phase  shifter  on  the 
drive  laser  where  a  14-ps  shift  resulted  in  a  1.5%  energy 
change.  In  fact,  in  our  limited  field-of-view  of  the  energy  in 
the  spectrometer,  for  the  larger  phase  jitters  (>5  ps)  the  energy 
shifted  out  of  view!  Further  corroboration  of  the  phase  jitter 
in  the  drive  laser  was  seen  when  an  active  Lightwave  phase 
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feedback  unit  was  incorporated  into  the  laser  system,  and  these 
effects  were  significantly  reduced  as  shown  in  Fig.  32  of 


Ref.  3. 


Tima  (s» 

Figure  4  Comparison  of  observed  drive  lasesr  phase  jitter  and 
e-beam  energy  for  the  same  16  macropulses. 


observed  bunch  length  and  transit  time.  In  the  dual  images  we 
"simultaneously"  detected  (1)  a  split-off  fraction  of  the  drive 
laser  light  beam  just  before  the  photocathode  and  (2)  the 
subsequent  electrons  at  17  MeV  via  a  Cherenkov  converter. 
Figure  7  shows  the  variation  of  this  phenomenon  as  a  function 
of  drive  laser  phase.  The  elongation  due  to  space  change 
forces  increases  as  the  effective  field  gradient  is  reduced.  The 
PARMELA  simulation  by  B.  Carlsten  (solid  line)  is  in  good 
agreement  [8]. 


This  was  a  shot-to-shot  (intermacropulse)  phenomenon, 
but  there  were  additional  intra-  or  submacropulse  effects  in  the 
drive  laser  that  occurred  in  the  10-ps  domain.  These  also  were 
sufficient  to  affect  FEL  operations  within  a  macropulse.  In 
this  case,  the  dual  sweep  feature  of  the  camera  was  used. 
Eight  time-samples  were  selected  for  analysis  across  the 
nominal  20-ps-long  macropulse.  Both  single  and  20- 
macropulse  averages  were  used.  The  nominal  bunch  length 
was  still  7-10  ps.  In  Fig.  S,  for  some  data  (File  9)  the  phase 
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Figure  S  Submacropulse  phase  slew  effects  in  the  drive  laser 
20-ps  long  macropulse. 

of  the  laser  drifted  about  4  ps  (which  would  be  0.4%  aE  at  17 
MeV  and  0.8%  AX  at  10  pm)  during  the  macropulse. 
Resetting  the  cavity  (File  10)  resulted  in  stable  behavior  within 
the  error  of  the  measurement  (~1  ps),  as  referenced  to  the 
normalization  line.  More  details  are  in  Ref.  11. 

B.  Photoinjected  Linac 

Just  as  the  timing  (relative  to  the  rf  field)  of  the  release 
of  the  electrons  from  the  photocathode  may  be  expected  to 
cause  an  energy  effect,  it  also  is  related  to  transit  time  through 
the  photoelectric  injector  (PEI)  accelerator  first  cell  and  the  if 
bunching  across  the  micropulse  available  from  the  field 
gradient  Figure  6  shows  our  measurement  at  17  MeV  on  the 


Figure  6  Streak  images  of  the  drive  laser  and  e-beam 
micropulses  for  one  laser  phase  setting. 


Figure  7  Plot  of  observed  e-beam  bunch  length  versus  drive 
laser  relative  phase.  The  drive  laser  bunch  length  was 
monitored  at  1 1  ps. 

C.  UO-MeV  Linac 

The  next  example  is  from  operations  a  few  years  ago  on 
the  1 10-MeV  linac  injected  with  electrons  from  a  thermionic- 
gun  with  if  buncher  system  (at  Boeing  in  Seattle,  WA).  This 
linac  beam  was  used  to  drive  a  visible  FEL  oscillator 
experiment  The  output  spontaneous  emission  or  lasing  from 
the  5-m  wiggler  was  optically  transported  to  a 
streak/spectrometer  system  [12].  During  the  course  of  the 
various  configurations  of  the  experiment  including  a  ring- 
resonator  mode,  the  election-beam  bunch  length  was  shown  to 
vary  during  the  macropulse.  As  shown  in  Figs.  8  and  9,  the 
bunch  length  FWHM  started  at  -  25  ps  and  was  reduced  to 
-10  ps  (as  was  its  intensity)  by  the  end  of  die  100-ps-long 
macropulse.  Since  FEL  gain  is  strongly  dependent  on  peak 
current,  inefficient  operations  resulted.  The  e-beam  problem 
was  traced  to  the  combination  of  an  rf  phase  slew,  an  energy 
slew,  and  a  nonachromatic  bend  in  die  beam  transport. 
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Figure  8  Dual-streak  image  of  the  e-beam  micropulse  bunch 
length  variation  during  the  100-  ps  long  macropulse. 


WINDOW  NUMBER 


Figure  9  Eight-window  samples  analyzed  on  the  macropulse 
time  axis  from  Fig.  8  showing  the  25-  to  10-ps  bunch  length 
variation  in  the  8-2-90  data  (squares). 


transport  it  As  an  example,  off-center  transport  through 
subsequent  linac  tanks  can  degrade  the  beam.  An  example  is 
shown  from  the  40-MeV  linac  at  Los  Alamos  [14],  Figure  1 1 
shows  the  experimental  setup  where  a  synchroscan  streak 
camera  was  used  to  view  the  forward  lobes  of  the  optical 
transition  radiation  (OTR)  foil  at  station  #4  after  the  fourth 
tank  (D).  Another  OTR  screen  after  Tank  C  was  used  to 
determine  the  position  entering  Tank  D.  Steering  magnets 
were  used  to  change  the  beam  offset  as  it  went  through  Accel. 
D  to  screen  4.  In  Fig.  12,  for  0=5  nC  per  micropulse,  the 
time-resolved  x-profile  is  shown  for  different  steering/offset 
conditions.  The  images  are  the  synchronous  sum  of  the 
micropulses  in  one  macropulse,  and  one  can  see  that  the 
direction  of  the  head-to-tail  kick  changes  on  the  micropulse 
time  scale  as  the  beam  is  steered  differently  through  Tank  D. 
In  fact.  Fig.  12  a,b  shows  one  can  actually  compensate  for  the 
transverse  kick  and  reduce  the  observed  time-averaged  spatial 
x -profile  FWHM  from  0.8  mm  to  0.4  mm.  More  detailed 
discussion  is  given  elsewhere  in  this  conference  [15]. 


Another  example  of  dual-sweep  data  is  shown  in  Fig.  10 
involving  the  FEL  output.  The  laser  intensity  was  strongly 
modulated  during  the  macropulse  while  we  simultaneously 
measured  the  ~8-ps  (FWHM)  lasing  micropulse.  The 
modulation  was  correlated  with  an  e-beam  energy  centroid 
modulation  measurement  (using  a  stripline  BPM  in  a 
dispersive  location)  and  traced  to  the  rf  system  (the  pulse- 
forming  network).  When  the  rf  system  was  corrected, 
significant  improvement  in  e-beam  parameter  stability  and  FEL 
quality  resulted  [13]. 
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Figure  10  Dual-sweep  streak  image  of  the  Boeing  visible  FEL 
output  showing  intensity  modulation  during  the  macropulse. 

D.  Transverse  Wakefields 

In  most  applications  for  low-emittance  beams,  it  is  not 
sufficient  to  generate  them;  you  must  preserve  the  beam  as  you 


Figure  11  Experimental  setup  for  the  synchroscan  streak 
camera  on  the  Los  Alamos  40-MeV  linac.  The  forward  OTR 
radiation  from  the  screen  after  Tank  D  is  detected. 


Figure  12  Synchronous  sum  of  submicropulse  streak  data 
exhibiting  "head-to-tail"  kick  changes  with  steering  through  the 
linac. 


Similar  phenomena  have  been  detected  at  SLAC  and 
more  recently  at  LEP  by  E.  Rossa  using  a  dual-sweep  streak 
camera.  Figure  13  is  a  reproduction  from  the  CERN  work 
illustrating  the  head-to-tail  transverse  effect  in  LEP  [7].  The 
micropulse  time  scale  is  horizontal  and  the  vertical  axis  is 
related  to  the  transverse  spatial  projection.  The  "tilts"  of  some 
of  the  bunch  projections  imply  the  head-to-tail  kicks  varied  on 
different  turns. 
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Figure  13  Reproduction  of  dual-sweep  data  from  the  LEP 
experiment  by  E.  Rossa,  et  al.  [7]  showing  head-to-tail  kicks 
in  a  single  bunch  over  11  turns.  The  left  set  is  y-t  (sideview) 
and  the  right  set  is  x-t  (top)  view. 

E.  Potential  Applications  at  APS 

At  APS  the  undulator  test  line  will  involve  a  low- 
emittance  beam  in  a  small  bore  linac  structure.  Potential 
transverse  Wakefield  effects  such  as  described  earlier  will  be 
considered.  In  the  7-GeV  storage  ring,  we  have  revisited  the 
possibility  of  longitudinal  instabilities  and  how  to  measure 
them.  A  workshop  was  held  on  this  topic  in  1989  specifically 
for  the  APS  storage  ring  [16].  L.  Emery’s  recent  simulations 
using  the  impedance  file  prepared  for  the  APS  storage  ring 
indicates  that  in  addition  to  bunch  length  changes,  the 
longitudinal  phase  space  could  vary  as  a  function  of  time  [17]. 
Variation  of  the  projection  on  the  time  axis  after  injection  and 
during  damping  for  different  currents  should  be  directly 
measurable  by  the  dual-sweep  streak  techniques.  Additional 
work  is  needed  to  simulate  how  this  phenomenon  might  cany 
over  to  the  transverse  phase-space  projections. 

IV.  SUMMARY 

In  summary,  a  number  of  diagnostic  applications  are 
noticeably  enhanced  by  using  rf-synchronization  techniques  for 
the  streak  camera  systems.  Both  synchroscan  and  dual-sweep 
features  are  important.  The  synchroscan  allows  the 
synchronous  sum  of  pulses  to  be  done  with  good  temporal 
resolution,  and  it  also  allows  the  use  of  less  bright  conversion 
mechanisms  (such  as  OTR)  to  be  used  in  intercepting  beam 
experiments.  The  dual-sweep  allows  the  tracking  of  ps- 
phenomena  over  much  longer  time  scales  on  a  linac 
macropulse  or  many  turns  in  a  circular  accelerator.  The 
techniques  have  been  applied  successfully  to  both  particle  and 
photon  beams  on  the  submicropulse,  submacropulse,  or  single 
pass  mode.  They  have  been  applied  to  rf-linacs  driving  FELs 
and  should  be  useful  to  linacs  injecting  damping  rings  or 
storage  rings  (as  well  as  the  rings).  It  is  expected  they  will  be 
applied  to  the  subsystems  of  the  APS,  and  hopefully  be 
eventually  extended  to  study  the  x-ray  beams  from  the  APS. 
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Abstract 

Many  types  of  diagnostic  instruments,  such  as  beam 
position  monitors,  fluorescence  screen  monitors,  intensity 
monitors,  stripline  electrodes  and  synchrotron  radiation 
monitor  system,  ...etc.,  were  designed  and  built  into  the 
beam  transport  line  (BTL)  and  storage  ring  (SR)  to  facilitate 
and  enable  commissioning  and  operation.  The  VME  crate 
based  data  acquisition  and  processing  as  well  as  timing 
control  electronic  module  were  designed  and  developed  that  is 
quite  useful  for  machine  commissioning  and  operation.  The 
beam  instruments  have  been  installed  and  tested  on  the  BTL 
and  SR.  The  test  and  characterization  results  in  SRRC 
synchrotron  radiation  facilities  will  be  summarized  in  the 
paper. 

I.  INTRODUCTION 

The  nearly  completed  1.3  GeV  synchrotron  radiation 
facilities  at  SRRC  is  composed  of  a  full  energy  injector,  a  70 
m  long  transport  line  and  a  120  m  long  storage  ring  [1]. 
Various  diagnostics  devices  are  needs  for  all  stages  of 
commissioning  and  routine  operation  of  the  transport  line  and 
the  storage  ring  [2].  Most  of  the  diagnostics  devices  fulfil  his 
role  during  the  commissioning  phase  despite  some 
diagnostics  devices  still  need  some  adjustment. 

II.  STORAGE  RING  DIAGNOSTICS 

Beam  position  are  measured  by  47  beam  position 
monitors.  Averaged  beam  intensity  are  measured  by  direct 
current  current  transformer.  Fast  beam  structure  are  observed 
by  fast  current  transformer.  Two  linear  tapered  striplines  are 
used  to  measure  transverse  and  longitudinal  oscillation  as 
well  as  time  structure.  One  excitation  electrode  is  used  to 
excitate  betatron  oscillation  or  used  to  damp  transverse 
oscillation.  Screen  monitors  are  used  to  aid  the  turning  of  the 
first  turn.  Transvesre  beam  profile  can  be  measured  from 
synchrotron  radiation  light  directly. 

A.  Beam  position  monitoring  system 

The  signals  picked  up  by  four  button  electrodes  was 
processed  arithmetically  to  obtain  the  horizontal  and  vertical 
position  as  well  as  total  intensity  of  the  electron  beam.  The 
processing  electronics  are  shown  in  Figure  1  [3].  The  PIN 
diode  RF  multiplexer  are  used  to  select  the  signal  pick-up  by 
the  button  electrode,  single  channel  heterodyne  receiver  to 
detect  the  electron  beam  signal.  The  detected  signal  by 
processing  electronic  are  read  into  VME  crate.  Beam  position 
information  are  updated  into  the  dynamic  database  on  process 


Figure  1.  Block  diagram  of  the  BPM  processing  electronics 

computer  and  workstation  periodically  with  rate  about  10 
times  per  second.  The  BPM  electronics  can  be  worked  when 
beam  current  as  small  as  50  pA  (-70  dBm)  with  resolution 
about  50  pm  and  as  large  as  200  mA  (-10  dBm)  with  10  pm 
resolution.  From  the  statistics  of  1000  measured  value  with 
constant  signal  input  as  shown  in  Figure  2,  the  figure  show 
that  resolution  of  the  BPM  are  better  than  10  pm  when  the 
beam  current  large  than  several  mA.  Beam  current  dependence 
of  the  beam  position  measured  are  shown  in  Figure  3,  the 
test  result  reveal  that  the  drift  versus  the  beam  current  does 
not  exceed  a  20  pm  peak-to-peak  amplitude  over  1  to  200 
mA  range  when  the  beam  at  center.  The  orbit  measurement 
speed  is  software  selectable,  200  reading  per  second  can  be 
achieved  easily  if  necessaiy. 


Beom  Current  (mA) 


Figure  2.  Performance  test  by  using  simulate  signal  (a) 
Resolution  versus  beam  current  of  the  BPM  system,  (b) 
Statistical  distribution  of  1000  beam  position  reading  for 
beam  current  0.2  and  200  mA. 
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Figure  3.  Current  dependent  drift  of  the  measured  beam 
position. 

B.  Intensity  monitor 

Beigoz’s  parametric  current  transformer  (PCT)  is  used  to 
measure  average  beam  current  with  resolution  better  than  1 
pA  (1  sec  integration  window).  The  output  of  PCT  are 
digitized  by  16  Bits  A DC  module  on  VME  crate  at  current 
stage.  The  ADC  card  will  be  changed  to  high  resolution 
DVM  for  high  precision  measurement.  High  frequency 
components  of  beam  current  are  observed  by  a  fast  current 
transformer  (FCT)  with  rise  time  better  then  1  ns.  The  beam 
filling  structure  at  injection  phase  and  routine  operation  can 
be  observed  by  FCT. 

C.  Stripline  electrodes  and  excitation  electrodes 

Two  linear  tapered  stripline  [4]  electrodes  were  used  to 
measure  transverse  motion  and  time  structure  as  shown  in 
Figure  4  (a).  The  linear  tapered  preserve  wide  bandwidth 
feature  with  slightly  large  amplitude  ripple  than  ideal 
exponential  taper  (6  dB  from  300  MHz  to  6  GHz)  [5].  Easy 
fabrication  was  the  main  reason  to  choose  linear  tapered 
stripline  from  mechanical  point  of  view.  Typical  beam 
response  of  the  linear  tapered  stripline  measured  by  using  20 
GHz  sampling  oscilloscope  are  shown  in  Figure  4  (b ),  the 
bunch  length  less  than  100  psec  (FWHM)  are  observed  when 
the  gap  voltage  of  RF  cavity  is  300  kV. 
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(a)  (b) 

Figure  4.  (a)  Sturcture  of  the  linear  tapered  stripliue,  (b) 
Beam  response  of  the  linear  tapered  stripline. 


One  set  excitation  electrodes  which  is  composed  by  four 
electrodes  mounted  on  skew  position  of  circular  vacuum 
chamber  as  a  magnetic  kicker,  The  excitation  electrode  is  used 
to  excite  transverse  beam  motion  or  to  damp  transverse 
instability  if  necessary. 

D.  Tune  measurement 

Two  methods  are  adopted  to  measure  betatron  tune 
currently.  One  is  using  RF  knockout  technique  by  using  the 
combination  of  stripline  electrodes,  excitation  electrodes  and 
spectrum  analyzer/tracking  generator.  The  alternate  approach 
are  using  one  of  the  kickers  to  provide  about  1  mrad  kick 
angle,  and  Fourier  analysis  lum-by-turn  beam  position 
motion  by  oscilloscope  as  shown  in  Figure  5.  The 
synchrotron  turn  are  observed  from  the  synchrotron  sideband 
near  the  harmonics  of  the  revolution  frequency. 


(a) 


(b) 


Figure  5.  (a)  Betatron  tune  measurement  setup,  (b)  Typical 
spectrum  of  the  betatron  oscillation. 

E.  Screen  monitor 

Injection  conditions  and  first  turn  behaviours  of  the 
storage  ring  are  study  by  the  aid  of  eight  fluorescent  screens. 
The  screen  is  mounted  on  the  linear  motion  feedthrough 
driven  by  stepping  motor.  CCD  cameras  are  use  to  observe 
fluorescent  light. 

F.  Synchrotron  radiation  monitor 

The  synchrotron  radiation  output  front  one  bending 
magnet  was  used  to  measure  the  transverse  profile  by  XC- 
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Figure  6.  Preliminary  result  of  synchrotron  radiation  profile 
measurement,  no  correction  on  depth  of  Geld  and  diffraction 
effect. 

77RR  high  resolution  CCD  camera.  The  video  signal  are 
captured  by  frame  grabber  to  extract  the  transverse  proGle 
information.  Figure  6  are  the  the  preliminary  results  of 
proGle  measurement.  Line  scan  CCD  camera,  quadrature  diode 
array,  position  sensitive  detector  will  be  used  to  measure 
beam  motion.  Optical  sampling  oscilloscope  with  resolution 
about  10  psec  will  be  used  to  measure  averaged  bunch  length. 

III.  TRANSPORT  LINE  DIAGNOSTICS 

The  diagnostic  devices  of  the  transport  line  consist  of 
beam  position  monitors,  current  monitors,  screen  monitors 
and  secondary  emission  monitor.  Seven  stripline  beam 
position  monitors  are  used  to  measure  electron  beam 
position.  The  accuracy  of  the  BPM  is  better  than  ±  0.5  mm. 
Output  of  the  front-end  electronics  for  BPM  are  shown  in 
Figure  7.  The  transmission  efficiency  of  the  transport  line  are 
measured  by  Bergoz's  fast  current  transformer  as  shown  in 
Figure  8. 
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Figure  7.  BPM  fomt-end  electronics  output,  upper  tarcc  is  the 
response  of  the  left  electrode,  the  lower  trace  is  the  right 
electrode  response. 
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Figure  8.  Beam  response  of  the  FCT,  upper  tarce  is  the 
response  of  FCT  which  is  located  at  upstream  of  the  trasnport 
line,  the  lower  trace  is  the  doenstream  FCT  response. 

Transverse  beam  profile  and  spatial  position  are  observed  by 
six  screen  monitors.  The  design  of  the  screen  monitor  are 
same  as  the  storage  ring.  One  secondary  emission  monitor 
will  be  used  to  measured  transverse  profile. 

IV.  CONCLUTION 

The  commissioning  of  the  storage  ring  is  under  way. 
From  the  preliminary  beam  test  results  shown  that  most  of 
the  diagnostic  devices  are  work  functionally  as  the  design 
specifications.  Improvement  and  reinforcement  of  the 
diagnostics  system  will  be  continued. 
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Abstract 

An  overview  of  beam  instrumentation  requirements  at  the 
SSC  and  a  status  report  on  work  progress  is  given.  Small 
transverse  emittance  beams,  ranging  in  energy  from  30  KeV  to 
20  TeV,  must  be  commissioned,  measured,  and  diagnosed. 
Instrumentation  plans  and  current  design  and  development 
efforts  for  BPMs  and  other  systems  ate  presented.  Monitors 
and  electronics  soon  to  be  delivered  for  use  in  the  Linac  are 
described.  Design  of  the  Linac  systems  has  been  done  with 
requirements  and  applications  in  the  synchrotrons  in  mind  and 
thus  should  provide  a  basis  for  design  of  much  of  that 
hardware.  The  useful  commonality  of  design  across  the 
machines  is  discussed. 

I.  INTRODUCTION 

Instrumentation  for  one  Linac,  three  booster  synchrotrons, 
the  two  Collider  rings,  associated  transfer  lines,  and  the  test 
beams  facility  must  be  provided  to  commission  and  operate  tire 
Super  Collider  [1],  With  the  wide  range  of  beam  eneigies 
encountered  within  the  SSC  complex,  nearly  every  imaginable 
type  of  instrumentation  has  potential  application,  from  the 
traditional  slit  and  collector  emittance  measuring  unit  for 
2.5  MeV  H-minus  ions  to  exotic  schemes  for  profile 
measurement  of  the  20  TeV  proton  beams.  The  many 
kilometers  of  accelerator  and  beamline  ensure  that  all  types  of 
traditional  instrumentation  will  exist  in  large  quantities.  Yet, 
budgetary  limitations  and  the  sheer  magnitude  of  the  task 
require  concentration  on  a  sound  baseline  suite  of 
instrumentation.  Table  1  provides  an  approximate 
instrumentation  count. 

II.  PLANS,  ACTIVITIES  AND  STATUS 

A.  BP M  Mechanics 

BPM  designs  are  a  focus  of  current  activity.  Open-circuited 
microstrip  type  designs  are  planned  for  use  through  the  drift 
tube  section  of  the  Linac  and  center-tapped  ‘button’  style 
monitors  for  the  side-coupled  Linac  sections.  External 
mechanical  constraints,  rather  than  beam  or  signal 
characteristics,  drive  the  choice  of  two  different  design  styles. 
Linac  BPMs  are  in  fabrication  at  this  time. 

Throughout  the  synchrotrons  and  transfer  lines,  plans  call 
for  stripline  type  pick-ups  which  are  shorted  at  one  end.  The 
stripline  design  has  been  chosen  to  obtain  adequate  signal 
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strength  for  low  intensity  commissioning  of  the 
superconducting  rings,  while  maintaining  well  controlled 
impedances  presented  to  the  beam.  The  shorted-end  design 
halves  the  number  of  signal  feedthroughs  required  relative  to 
an  externally  terminated  design  and  eliminates  reliability 
concerns  of  an  internally  terminated  design.  Additionally,  the 
shorted-end  pick-up  exhibits  no  directionality,  permitting  it  to 
be  used  in  the  HEB  where  beams  circulate  opposite  directions 
from  one  cycle  to  the  next  and  in  the  LEB  where  mechanical 
constraints  require  pick-up  installation  in  alternating 
longitudinal  orientations. 

The  HEB  and  Collider  BPMs,  located  within  the  cryogenic 
spool  pieces,  must  be  designed  to  operate  reliably  and 
predictably  at  4°K  and  through  numerous  temperature  cycles 
[2],  It  is  anticipated  that  a  common  design  will  satisfy  the 
requirements  and  constraints  of  those  two  machines,  though 
plans  call  for  both  two  and  four  electrode  versions  in  the 
Collider.  An  early  version  prototype  Collider  BPM  exists  and 
procurement  of  prototypes  of  the  current  design  is  underway. 
The  possibility  of  a  warm  beam  tube  liner  for  synchrotron 
radiation  absorption  within  the  cold  Collider  vacuum  tube 
strongly  impacts  aspects  of  BPM  design.  Efforts  are  underway 
to  identify  a  design  that  satisfies  beam  impedance  and  heat  leak 
requirements  without  sacrificing  position  measurement 
performance. 

B.  BPM  Electronics 

Considerable  development  effort  has  been  expended 
toward  the  use  of  logarithmic  video  detecting  amplifiers  in 
beam  position  processing  circuitry  [3].  Current  plans  are  to  use 
such  circuits,  operating  in  the  47-60  Mhz  band,  for  Linac  and 
LEB  BPMs.  Identical  circuitry  will  form  the  core  for  both 
systems,  though  the  Linac  signals  first  require  a  428  to  60  Mhz 
frequency  conversion  stage.  Experience  acquired  during 
development  of  the  log-amp  electronics  for  those  applications 
will  determine  its  suitability  for  use  in  the  common  BPM 
electronics  design  required  for  the  MEB,  HEB,  and  Collider.  A 
prototype  of  this  circuitry  has  been  tested  with  real  beam 
signals  at  the  FNAL  Booster  and  its  performance  [4]  compares 
favorably  with  the  AM-PM  circuits  employed  there.  The  log- 
amp  processing  method  offers  the  wide  instantaneous  dynamic 
range  and  “automatic”  normalization  provided  by  the  AM-PM 
method,  while  offering  advantages  including  simplicity  of 
implementation,  relaxed  phase  matching  requirements  of  the 
input  signals,  and  wider  input  signal  bandwidth  acceptance. 
Signals  from  BPM  pick-ups  in  the  Linac  will  also  be  used  as 
beam  phase  and  time-of-flight  monitors.  A  novel  phase 
measurement  method  has  been  developed  to  meet  the  accuracy 
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Table  1 

Quantities  of  Beam  Instrumentation  Required  in  SSC  Accelerators 


Instrument 

Linac 

LEB 

MEB 

HEB 

Collider 

Transfer  and  Test 
Beam  Lines 

Planes  of  Beam  Position 
Measurement 

78 

180 

218 

330 

2320 

142 

Beam  Loss  Monitors 

22 

90 

206 

330 

3000 

175 

DC  current  monitor 

- 

1 

1 

1 

2 

- 

Wideband  and  Fast  (video 
bw)  current  monitor 

20 

2 

2 

3 

4 

37 

Beam  Phase  Monitor 

39 

1 

1 

1 

2 

8 

Diagnostic  Kickers 

- 

H&V 

H&V 

H&V 

2XH&V 

- 

Wire  Scanners 

32 

- 

1 

- 

- 

10 

Assorted  Profile  Monitors 

2 

3 

9 

6 

6 

36 

Assorted  Misc.  Monitors 

- 

- 

- 

6 

12 

20 

and  dynamic  range  requirements  demanded  in  this  application 
[5]. 

Tum-by-tum  position  data  acquisition  is  planned  for  each 
BPM  location  in  each  synchrotron.  A  VXI  circuit  board  has 
been  designed  to  provide  the  required  digital  processing  and 
interface  circuits  and  to  accommodate  a  plug-in  module  for  the 
log-amp  analog  signal  processing  circuitry  [61 .  A  single  board 
is  designed  to  process  two  planes  of  position  measurement.  It 
digitizes  both  position  and  sum  signals  for  each  plane  and  has 
on-board  memory  to  store  up  to  64K  samples  of  each  signal. 
Programmable  averaging  capability  of  up  to  2048  tum-by-tum 
positions  is  also  featured  for  closed  orbit  measurements. 
Memory  freeze  capability  is  included  for  quench  and  beam 
abort  post-mortem  analysis. 

The  concept  of  a  plug-in  module  for  the  analog  circuitry 
permits  the  same  board  to  be  used  with  little  modification  for 
other  applications,  such  as  beam  loss  monitors.  Discussions 
have  been  held  with  numerous  electronics  manufacturing 
companies,  large  and  small,  in  preparation  to  contracting  for 
design  assistance  with  this  board.  The  quantities  required  force 
us  to  address  industrial  production  and  quality  issues, 
especially  in  the  areas  of  manufacturability,  reliability,  and 
testing.  The  plan  is  for  development  of  a  product  suitable  to 
our  needs  which  may  be  made  commercially  available. 

C.  Profile  Monitors 

The  small  beam  emittance.  In  mm-mrad  normalized  rms, 
and  tight  budget  for  allowable  emittance  growth  through  the 
accelerators  make  transverse  beam  size  and  profile 
measurements  both  essential  for  diagnosis  of  emittance 
blowup  problems  and  difficult  to  accomplish.  Accurate 
determination  of  beam  sizes  as  small  as  100  microns  must  be 
made  in  the  high  energy  machines. 

In  the  Linac  and  up  to  the  LEB,  traditional  stepper  motor 


driven  wire  scanners  will  be  used  [7].  They  will  be  mounted  at 
43°  to  allow  both  horizontal  and  vertical  measurements  to  be 
made  at  one  location  with  a  single  device.  Such  instruments  are 
already  in  use  on  the  ion  source  and  RFQ  [8].  For  longitudinal 
profile  measurements  in  the  Linac,  a  ‘Feschenko  style’  bunch 
length  monitor  is  being  built  [9]. 

Multi-wire  harps  are  expected  to  be  used  as  transverse 
profile  monitors  in  most  transfer  lines,  where  single  pass 
profile  measurements  are  required  due  to  long  machine  cycle 
times.  The  HEB  to  Collider  transfer  lines  may  be  exceptions 
where  required  beam  size  resolution  is  difficult  to  achieve  with 
harps.  Also,  the  tolerance  of  the  Collider  superconducting 
magnets  to  energy  deposition  from  scattered  particles  from 
such  intercepting  monitors  may  limit  their  usefulness  in  those 
lines.  Ionization  monitors,  optical  transition  radiation 
monitors,  and  monitors  employing  a  transverse  probe  beam 
have  been  suggested  as  possible  solutions  for  this  application. 
Little  concentrated  effort  has  yet  been  spent  considering  the 
merit,  feasibility,  or  design  of  such  devices. 

In  the  synchrotrons,  the  baseline  method  for  profile 
measurement  is  envisaged  to  be  the  flying  wire.  Design  details 
for  flying  wire  systems  at  the  SSC  have  not  yet  been  addressed. 
Such  a  device  is  believed  to  be  quite  adequate  for  the  MEB  and 
HEB  rings.  In  the  LEB  there  is  concern  that  the  fly  time  of  the 
wire  through  the  beam  is  unacceptably  long  compared  to 
expected  dynamic  variation  of  beam  parameters.  Some  effort 
has  been  spent  investigating  a  suitable  design  for  an  ionization 
profile  monitor  for  that  application.  In  the  Collider,  the  wire- 
beam  interaction  time  can  be  shorter  than  a  single  turn. 
However,  there  are  concerns  there  about  emittance  growth, 
energy  deposition  effects  of  scattered  particles,  and  luminosity 
lifetime  degradation  if  the  wire  is  used  with  a  full  intensity 
beam  during  a  colliding  beams  store.  There  have  been  efforts 
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in  the  Collider  group  to  assess  the  relative  merits  of  numerous 
other,  less  obtrusive  methods  for  continuous  emittance 
monitoring  in  the  Collider  [10].  Schemes  utilizing  synchrotron 
light,  ionization,  and  both  neutral  and  electron  probe  beams 
have  been  considered  [1 1],  [12],  [13].  The  current  view  of  that 
group  is  that  an  electron  probe  device  is  the  most  attractive 
alternative.  Efforts  are  underway  to  initiate  an  R&D  project  for 
such  a  device. 

D.  BLMs 

Reliable  beam  loss  monitoring  systems  are  required  for 
commissioning,  operations,  and  diagnostics  purposes,  as  well 
as  for  machine  protection  and  quench  prevention  in  the 
superconducting  rings.  The  baseline  design  is  still  use  of 
FNAL  style  ion  chambers  or  BNL  style  proportional  chambers 
regularly  spaced  around  the  rings,  typically  near  the 
quadrupole  locations.  There  has  been  some  investigation  of 
solid  state  detectors,  including  PIN  diodes  and  Hgl2  and  CdTe 
based  devices,  as  possible  alternatives.  Of  these,  the  Hgl2 
device  offers  the  highest  radiation  damage  threshold  and 
lowest  leakage  current. 

III.  COMMONALITY  ACROSS  MACHINES 

The  goal  of  commonality  of  design  across  machines  is  a 
necessary  and  desirable  objective  in  a  project  of  SSC  scale. 
Manpower  resources,  budget,  and  schedule  all  contrive  to  limit 
the  number  of  unique  designs  that  may  be  produced.  Yet, 
performance  requirements,  space  constraints,  and  aperture 
requirements  demand  that  the  individual  details,  especially  of 
the  mechanics,  of  each  application  not  be  ignored.  This  is 
especially  true  in  the  low  energy  end  of  the  Linac,  which  is 
now  being  designed,  where  space  is  scarce  and  instrumentation 
performance  requirements  are  exacting. 

Each  of  the  synchrotrons  has  a  unique  beam  tube  aperture 
and/or  cross-section  resulting  in  different  BPM  pick-up 
designs,  except  perhaps  for  a  common  HEB  /  Collider  design. 
Differences  of  beam  size,  relevant  measurement  time  scales, 
and  machine  operating  tolerance  for  beam  loss  and  emittance 
blowup  all  affect  instrumentation  design  decisions. 

Signal  processing  electronics  is  an  area  in  which  we  find 
more  practical  commonality  over  larger  scales.  System 
functional  requirements,  as  well  as  beam  bunch  intensities  and 
time  structures,  throughout  the  MEB,  HEB,  and  Collider  rings 
are  quite  similar,  permitting  use  of  a  single  BPM  electronics 
design  throughout.  We  also  expect  beam  loss  monitoring 
electronics  hardware  to  be  common  across  at  least  the  high 
eneigy  machines. 

Resources  are  stretched  much  more  by  the  number  of 
designs  than  by  the  production  quantity  of  any  one  design. 
Nevertheless,  final  designs  must  be  compatible  with 
mechanical  reality,  and  provide  credible  and  useful 
information  on  the  beam  parameters  they  are  intended  to 
measure.  This  forces  the  need  for  continual  compromises. 

IV.  SUMMARY 

Many  activities  covering  a  broad  range  of  beam 
instrumentation  issues  and  designs  are  underway  at  the  SSC 


with  contributions  from  various  comers  of  the  laboratory 
organization.  There  are  simultaneous  efforts  to  design  and 
build  the  ‘bread  and  butter’  instrumentation  essential  to  any 
accelerator  and  to  develop  strategies  for  coping  with  the 
unique  instrumentation  problems  posed  by  the  small  emittance 
and  high  energy  beams  of  the  SSC.  There  is  a  continuous 
snuggle  to  achieve  the  economy  of  scale  possible  by 
commonality  of  design  while  sacrificing  as  little  performance 
as  possible  in  any  particular  application. 
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Abstract 

The  Advanced  Light  Source  (ALS),  a  third-generation 
synchrotron  radiation  facility,  is  complete.  The  particle  beam 
diagnostics  have  been  installed  and  tested.  The  beam  injection 
systems  have  been  running  for  two  years.  We  have  performance 
data  on  beam  position  monitors,  beam  intensity  monitors, 
scintillators,  beam  collimators,  a  50  ft  Faraday  cup,  and  broad-band 
striplines  and  kickers  used  in  the  linac,  transport  lines,  and  the 
booster  synchrotron.  The  single-turn  monitoring  capability  of  the 
booster  beam  position  monitoring  system  has  been  particularly 
useful  for  studying  beam  dynamics.  Beam  diagnostics  for  the 
storage  ring  are  being  commissioned.  In  this  paper  we  describe 
each  instrument,  show  its  performance,  and  outline  how  the 
instruments  are  controlled  and  their  output  data  displayed. 

I  INTRODUCTION 

Recently,  the  commissioning  performance  goals  of  the  ALS 
storage  ring  were  met.  Multi-bunch  beam  intensity  has  reached  460 
mA.  Single-bunch  current  has  exceeded  the  8  mA  specification  by  a 
factor  of  three.  Beam  lifetime  is  dominated  by  vacuum  chamber 
pressure  and  is  increasing  as  synchrotron  light  scrubs  the  many 
photon  stops.  At  100  mA,  the  lifetime  is  about  1  hour.  The 
commissioning  process  went  very  rapidly.  Instrumentation  played  a 
critical  role. 

II.  BEAM  INTENSITY  MONITORS 

A.  Wall  Current  Monitors 

Two  identical  monitors  are  installed,  one  near  the  electron  gun, 
and  the  other  in  the  1.5  GeV  beam  transport  line  connecting  the 
booster  and  storage  rings.  The  monitor  near  the  electron  gun  is 
described.  The  function  of  this  device  is  to  measure  the  amplitude 
and  duration  of  the  RF-modulated  beam  emitted  from  the  electron 
gun.  Beam  energy  at  this  location  is  120  keV.  The  gun  emits  from 
1  to  20  beam  bunches,  2  ns  FWHM,  spaced  at  8  ns,  at  a  1  Hz 
repetition  rate.  Peak  current  is  betweem  1  and  2  A. 

The  wall  current  monitor  requires  a  gap  in  the  beam  pipe  to 
intercept  the  beam  image  (wall)  current.  This  is  provided  by  a 
commercially  available  ceramic  insulator  fitted  to  1 14  mm  diameter 
flanges  on  a  64  mm  diameter  beam  pipe.  The  ceramic  insulator  is 
approximately  25  mm  long  and  is  coated  with  a  thin  layer  of 
chromium  on  the  vacuum  side.  This  coating  protects  the  ceramic 
from  the  beam  and  somewhat  damps  wave  guide  modes  (important 
only  in  the  high-energy  transport  line  beam  monitor).  The 
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resistance  of  the  metalization  is  60  ft.  Twenty,  39  ft,  low- 
inductance,  leadless  resistors  are  installed  symmetrically  around  the 
outside  of  the  ceramic  gap.  The  resistors  are  soldered  to  soft  copper 
rings,  which  are  strapped  to  the  metal  beam  pipe  on  each  side  of  the 
gap.  The  total  resistance  across  the  gap  is  about  1 .9  ft. 

With  a  single  tap  on  the  resistor  belt  we  noticed  undesirable 
beam  position  sensitivity  during  the  early  part  of  each  bunch.  By 
tapping  the  resistor  belt  at  four  equally  spaced  locations  and 
summing  the  voltages  in  three,  180-degree  hybrid  combiners,  the 
position  sensitivity  is  considerably  reduced.  The  summed  output  of 
the  hybrids  is  displayed  on  an  SCD1000  scan-converter  oscilloscope 
via  60  feet  of  0.25  inch  Heliax  cable.  The  ALS  control  system 
collects  oscilloscope  trace  data  over  the  General  Purpose  Interface 
Bus  (GPIB)  and  displays  the  trace  in  the  control  room  at  1  Hz.  At 
the  oscilloscope  input  the  final  sensitivity  including  cable  and 
hybrid  response  is  about  2.5  V/A. 

High  frequency  response  of  the  wall  current  monitor  is 
dominated  by  the  gap  resistance  and  shunt  capacitance  of  20  pf.  In 
our  monitor  the  response  is  reduced  by  3  dB  at  4.2  GHz.  The  beam 
bunch  spectra  at  the  electron  gun  do  not  extend  beyond  about  1 
GHz.  The  upper  limit  of  the  hybrid  response  is  2  GHz.  The 
oscilloscope  response  is  down  3  dB  at  1  GHz.  There  is  sufficient 
high  frequency  response  in  the  system  to  show  relevant  beam  bunch 
structure. 

Low  frequency  response  of  the  wall  current  monitor  is 
dominated  by  system  inductance.  The  beam  pipe  is  grounded  in 
many  locations,  creating  a  low-frequency  short  circuit  across  the 
gap.  The  limited  inductance  in  these  short  circuits  causes  a 
noticeable  baseline  tilt  in  the  oscilloscope  response  when  we 
observe  many  bunches  at  8  ns  intervals.  The  calculated  total 
inductance  across  the  gap  resistance  is  130  nH.  We  intend  to 
improve  low-frequency  response  with  external  frequency 
compenstation  circuits. 

B.  Faraday  Cup 

This  device  is  used  to  measure  total  beam  charge  in  the  50 
MeV  transport  line  between  the  linac  and  booster.  A  passive, 
impedance  matched  RC  network  integrates  the  cup  voltage  for 
presentation  on  a  remote  digitizing  oscilloscope.  The  wave  form  is 
displayed  in  the  control  room.  We  hoped  the  cup's  50  ft 
construction  would  yield  frequency  response  high  enough  to  resolve 
adjacent  S-band  beam  bunches.  Our  aim  was  to  make  a 
straightforward  sub-harmonic  buncher  tuning  aid.  A  rise  time  of 
100  ps  or  less  in  a  single-shot  system  was  necessary.  The  best  cup 
rise  time  we  have  observed  is  about  300  ps  due  to  the  lumped 
capacitance  of  a  ceramic  gap  on  the  end  of  the  cup,  See  Figure  2. 
Although  the  cup  does  not  have  the  frequency  response  we  desire,  it 
does  accurately  quantitize  total  beam  charge.  One  interesting 
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feature  of  this  design  is  the  ceramic  break.  It  supports  the  coaxial 
center  conductor  and  permits  having  an  air  dielectric.  We  are  not 
required  to  use  a  vacuum  coaxial  feedthrough.  Assembly  is  quite 
easy. 


4  mMCHHJU** 


Recently  we  tested  11  mm  electrostatic  pickup  buttons 
(Ceramex,  type  ESRF)  installed  near  the  cup  for  their  suitability  as 
bunch  monitors.  The  results  are  encouraging.  With  the  linac 
bunchers  detuned  we  can  observe  small  adjacent  S-band  buckets  on 
an  SCD5000  oscilloscope.  This  instrument  is  a  5  GHz  single-shot 
digitizer  with  an  effective  sampling  rate  of  200  Gs/s.  When  the 
bunchers  are  properly  tuned  we  observe  a  large  single  bunch. 
System  rise  time  is  about  100  ps.  Some  objectionable  ringing  is 
seen  following  the  bunch  signal.  This  may  be  due  to  button 
response  and/or  wake  fields  produced  in  nearby  beam  pipe 
discontinuities. 

C.  DC  Current  Transformer  (DCCT) 

A  Holec  DCCT  with  100  mA  full-scale  sensitivity  is  used  in 
the  booster  synchrotron.  This  device  has  adequate  time  response  to 
measure  average  beam  current  during  the  booster  acceleration  cycle 
(350  ms).  Unfortunately,  the  DCCT  electronics  are  quite  sensitive 
to  RF.  Our  DCCT  core  shield  resonates  at  40  MHz,  the  10th 
harmonic  of  the  booster  revolution  frequency,  and  couples  RF 
energy  to  the  core  windings.  RF  filters  installed  in  the  cable 
between  the  DCCT  cores  and  the  electronics  have  helped  reduce  the 
effects  of  RF  pickup.  The  filters  have  upset  the  DCCT  sense 
circuits  somewhat.  As  a  result  we  see  interference  at  55  Hz  (the 
core  modulation  rate)  equivalent  to  100  pA  beam  current.  With  a 
single  1  mA  bunch  in  the  booster  we  also  see  RF  interference 
upsetting  the  DCCT  feedback  circuits. 

A  Bergoz  parametric  current  transformer  is  installed  in  the 
storage  ring.  This  instrument  has  two  ranges,  10  mA  and  1  A  full 
scale  (10  V).  It  also  has  a  di/dt  output  of  -10  mA/s/V  (on  the  1  A 
range).  Noise  and  offsets  sampled  at  1  Hz  are  equivalent  to  a  few 
microamperes  of  beam,  well  within  ALS  requirements.  The  DCCT 
shield  is  a  very  complex  device  based  on  a  LEP  design  [1].  The 
shield  resonates  in  a  1/4  coaxial  mode  at  40  MHz.  Beam 
impedance  measurements  [2]  predict  5.5  W  will  be  lost  in  the  shield 
at  50  mA  beam  current  in  a  single  bunch.  So  far,  DCCT  core 
temperature  measurements  at  all  levels  of  beam  current  have 
revealed  no  temperature  rise.  We  have  observed  no  RF  effects  on 
the  DCCT  performance.  The  cores  and  electronics  are  well 
shielded.  A  nearby  corrector  magnet  has  sufficient  leakage  fields  to 
cause  objectionable  DCCT  offsets.  We  installed  a  soft  iron  shield 
around  the  DCCT  enclosure  to  eliminate  the  problem. 

In  order  to  corroborate  storage  ring  DCCT  readings,  a 
calorimetric  experiment  was  conducted  [2]  to  determine  average 
beam  current.  The  cooling  water  temperature  rise  in  a  photon  stop 


intercepting  a  known  fraction  of  the  total  synchrotron  light  was 
measured  at  300  mA  beam  current.  The  calculated  average  current 
from  this  measurement  was  280  mA. 

The  storage  ring  DCCT  has  three  output  signals,  wide-band, 
low-pass  filtered,  and  di/dt.  The  wide-band  and  di/dt  signals  are  fed 
to  a  digitizing  oscilloscope  for  control  room  display.  The  low-pass 
filtered  and  di/dt  outputs  are  fed  to  16-bit  digitizers  in  the  control 
system.  Computer  displays  show  current  plotted  against  time  and 
calculated  beam  lifetime. 

III.  BEAM  POSITION  MONITORS 

Beam  position  monitors  (BPMs)  [3]  are  installed  in  % 
locations  in  the  storage  ring,  32  locations  in  the  booster  synchrotron, 
and  in  15  places  in  the  linac  and  transport  lines.  A  detailed 
description  of  the  BPMs  is  beyond  the  scope  of  this  paper.  A  brief 
description  of  storage  ring  BPMs  and  their  performance  to  date 
follows.  A  block  diagram  of  the  BPM  electronics  is  shown  in 
Figure  2. 

Each  BPM  pickup  array  consists  of  four  button-style  electrodes. 
The  electrodes  are  connected  to  individual  super-heterodyne 
receivers  via  Heliax  cable.  The  500  MHz  component  of  the 
bunched  beam  spectrum  is  selected  and  mixed  down  to  50  MHz.  A 
broad-band  pseudo-synchronous  detector  converts  the  signals  to  base 
band.  The  detected  signal  is  fed  to  three  circuits,  a  video  monitor,  a 
fast  Analog-to-Digital  (A/D)  converter,  and  a  1  kHz  low-pass  filter. 
The  filtered  signal  is  digitized  for  calculation  of  beam  position  by 
the  difference-over-sum  method.  These  calculations  are  performed 
by  the  on-board  Intelligent  Local  Controller  (the  basic  input-output 
module  for  the  ALS  computer  control  system).  The  fast  A/D  data 
are  fed  to  first-in-first-out  memory  where  up  to  1024  turns  of  beam 
data  are  stored. 


Fig.  2:  One  of  four  BPM  channels. 


When  the  fast  digitizers  are  stopped,  we  recover  the  single-turn 
data  from  one  or  all  BPMs.  These  data  are  useful  for  tune 
measurements,  single-shot  closed  orbit  measurements,  and  other 
transient  beam  phenomena.  It  was  these  fast  A/Ds  that  helped  us 
discover  a  defective  quadrupole  magnet  in  the  storage  ring  lattice. 
We  were  having  great  difficulty  getting  more  than  a  few  turns  of 
beam.  Only  when  single-turn  BPM  data  were  compared  with  the 
lattice  model  [4]  did  we  know  where  to  look  for  the  culprit.  A  quick 
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magnet  repair  was  performed,  and  beam  circulated  with  little 
tuning. 

The  BPMs  require  internal  measurement  of  differential  gain 
and  offsets  in  order  to  make  repeatable  measurements  to  the 
required  30  mm.  For  reasons  discovered  just  recently  the  storage 
ring  BPMs  would  not  perform  an  internal  calibration  sequence. 
Even  so,  the  averaged  beam  position  readings  with  stored  beam 
made  closed  orbit  corrections  possible  to  0.5  mm  nns.  With  BPM 
calibration  working  we  expect  better  than  0.1  mm  performance. 

IV.  SCINTILLATORS  AND  TV 

Throughout  most  of  the  ALS  project  we  use  scintillators  made 
of  high-purity  alumina  doped  with  chrome.  They  are  referred  to  as 
Chromox  6  fluorescent  screens  and  are  produced  by  Morgan  Matroc 
Ltd.  in  the  U  K.  The  scintillators  are  UHV  compatible  and,  in  over 
three  years  of  service,  we  have  seen  no  signs  of  beam  damage.  Two 
zinc  oxide  scintillators  are  installed  near  the  electron  gun.  We 
found  the  Chromox  6  scintillators  were  not  usable  in  this  location. 
Apparently,  lack  of  a  conducting  substrate  caused  the  scintillators  to 
charge  as  they  stopped  the  low-energy  beam.  A  distorted  image  and 
some  flashing  resulted. 

Early  on,  with  weak  beams,  we  had  difficulty  obtaining  enough 
light  from  Chromox  6  for  our  CCD  TV  cameras.  This  was  due  to 
camera  optics,  number  of  electron  bunches,  and  rather  diffuse 
beams.  TV  image  frame-grabbing  and  image  enhancement  helped. 
At  the  suggestion  of  a  visiting  colleague  [5]  we  removed  the  infrared 
filter  from  the  CCDs  and  obtained  a  huge  increase  in  camera 
response.  The  scintillators  produce  strong  infrared  with  a  long 
response  tail.  The  CCDs  are  quite  sensitive  at  those  long 
wavelengths. 

Our  efforts  have  been  to  commission  the  accelerator,  and 
consequently,  there  has  been  little  attention  paid  to  improving  the 
TV  systems.  We  intend  to  study  scintillator  response  and  determine 
ways  to  optimize  the  scintillator  and  TV  systems  for  best 
performance. 

V.  BROAD  BAND  STRIPLINES 

Two  broad  band  stripline  pickups  [6]  are  installed  in  the 
booster  synchrotron.  They  are  referred  to  as  traveling  wave 
electrodes  (TWE).  They  were  intended  to  be  part  of  a  fractional 
tune  measurement  system.  The  pickups  have  good  frequency 
response  and  adequate  coupling  to  the  beam.  The  kicker  however 
does  not  have  sufficient  coupling.  We  have  been  unable  to  excite 
detectable  betatron  motion  in  booster  beam  with  as  much  as  70  W 
driving  the  kicker.  We  feel  this  is  due  to  a  rather  large  tune  spread 
The  booster  sextupoles  that  would  reduce  the  tune  spread  are  not 
needed  for  satisfactory  beam  acceleration.  Our  plan  is  to  run  the 
sexupoles  and  attempt  more  tune  measurements.  If  we  are 
unsuccessful,  we  will  install  a  more  robust  kicker 

It  is  worth  noting  that  booster  fractional  tune  measurements  are 
easily  done  with  the  BPM  single-turn  response  and  multi-tum  data 
storage.  At  injection  we  determine  fractional  tune  by  performing  an 
FFT  on  1024  sequential  turns  At  higher  energies,  when  the  beam 
is  damped,  we  excite  it  with  the  extraction  kicker  at  low  fields  and 
again  use  the  BPM  data  to  determine  tune. 


We  have  no  striplines,  TWEs,  or  transverse  kickers  installed  in 
the  storage  ring  at  this  time.  Consequently,  accurate  fractional  tune 
measurements  have  been  difficult  to  obtain  when  we  have  a  stable, 
damped  beam.  We  have  had  some  limited  success  tickling  the  beam 
horizontally  using  one  of  three  arrays  of  LEP  BPM  buttons,  a  100  W 
power  amplifier,  and  a  tracking  generator/spectrum  analyzer 
combination.  These  buttons  are  not  meant  to  be  kickers.  They  will 
be  used  as  pickups  for  transverse  and  longitudinal  damping  systems. 
We  are  able  to  use  the  single-turn  capability  of  the  BPMs  to 
determine  tune  to  0.01  when  the  beam  is  unstable  (at  injection  and 
at  high  current).  A  Tektronix  3052  fast  spectrum  analyzer  displaying 
BPM  spectra  or  an  FFT  performed  1024  turns  of  BPM  data  show 
similar  results.  We  plan  to  install  the  transverse  damping  system 
kickers  this  year  and  will  use  them  to  excite  a  damped  beam  in  the 
future.  We  expect  we  will  achieve  0.001  tune  resolution  then. 

VI.  BEAM  COLLIMATORS 

Adjustable  two-jaw  beam  collimators  are  installed  in  the  low- 
energy  diagnostics  line  off  the  linac  and  in  the  line  between  the 
linac  and  booster.  A  single  collimator  is  used  in  the  diagnostics  line 
and  defines  a  vertical  slit.  Two  collimators  in  the  booster  line 
define  a  beam  aperture.  The  50  MeV  beam  is  stopped  with  0.5  inch 
tantalum  plates.  Stepper  motors  position  the  plates  with  10  pm 
resolution.  Absolute  position  encoders  read  position  to  a  few 
microns. 

VII  CONCLUSION 

The  diagnostics  are  working  well  enough  to  commission  and 
run  the  accelerators.  Some  improvements  are  needed.  BPM 
resident  software  will  be  changed  to  take  advantage  of  the  device's 
ability  to  calibrate  offsets  and  correct  detector  nonlinearity.  We 
currently  have  no  way  of  measuring  total  beam  charge  at  the  exit  of 
the  booster.  We  plan  to  install  an  integrating  current  transformer 
there.  More  work  will  be  done  on  the  wide  band  linac  bunch 
monitor. 
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Abstract 

A  working  prototype  of  a  narrow  ban'"  longitudinal 
phase  damper  has  been  developed  .aid  tested  on  the  Fermilab 
Booster.  This  paper  will  discuss  the  design  and  results  of  the 
damper  as  well  as  problems  associated  with  designing 
dampers  for  fast  frequency  sweeping  accelerators.  Results  for 
wide  band,  longitudinal  dampers  and  transverse  dampers  will 
also  be  discussed. 

I.  INTRODUCTION 

The  upgrade  of  the  Fermilab  Linac  from  200MeV  to 
400MeV  will  reduce  the  losses  in  the  Booster  due  to  space 
charge  effects,  but  the  increased  beam  current  will  cause 
greater  coupled  bunch  mode  instabilities.  Strong  coupled 
bunch  modes  exist  even  at  present  beam  current  levels.  To 
suppress  the  coupled  bunch  modes,  bunched  beam  dampers 
were  designed. 

A  generic  damper  configuration  is  shown  in  Figure  1. 
The  damper  reduces  beam  oscillations  via  negative  feedback. 
This  paper  discusses  the  different  types  of  damper  systems 
designed  and  tested  on  the  Fermilab  Booster.  These  include: 
narrow  band  and  wideband  longitudinal  dampers,  and 
wideband  transverse  dampers. 


Figure  1.  Simple  schematic  of  a  d;unper  system. 

II.  NARROWBAND  VS.  WIDEBAND 

The  frequencies  of  the  coupled  bunch  modes  are  located 
around  the  rotation  harmonics,  and  the  number  of  coupled 
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bunch  modes  equals  half  of  the  RF  buckets  [1],  A 
narrowband  damper  damps  one  coupled  bunch  mode,  while  a 
wideband  damper  d;unps  all  coupled  bunch  modes.  There  are 
advantages  and  disadvantages  to  both. 

A.  Noise  Power  and  Processing  Requirements 

The  gain  requirements  of  a  damper  systerm  are 
determined  by  the  instability  growth  rate  [2],  With  the  gain 
set,  the  power  requirements  of  die  damper  are  determined  by 
the  noise  power,  and  the  power  of  rotation  and  RF  harmonics 
on  the  output  signal.  The  high  power,  linear,  RF  amplifiers 
are  the  most  expensive  part  of  the  system,  so  the  cost  of  the 
system  becomes  proportional  to  the  output  power  required. 

A  narrowband  damper  blocks  all  frequency  components 
outside  the  range  of  the  single  coupled  bunch  mode 
frequency.  This  makes  the  noise  power  very  small  and 
reduces  the  amount  of  output  power  required,  but  it  only 
damps  one  mode.  If  more  than  one  inode  is  unstable,  muldple 
narrowband  dampers  must  work  in  parallel.  This  not  only 
increases  the  output  power  requirements,  but  it  also  increases 
the  processing  cost.  A  separate  processor  will  be  needed  for 
every  unstable  mode. 

Only  one  wideband  damper  processor  is  needed  to  damp 
all  of  the  coupled  bunch  modes,  but  the  noise  power  is  much 
greater  th;m  in  the  narrowband  system.  Consequently,  the 
wideband  damper  will  require  more  powerful  amplifiers  than 
the  narrowband  damper  for  a  given  damper  gain. 

If  there  areonly  a  few  unstable  coupled  bunch  modes,  a 
few  narrowband  systems  would  be  the  most  cost  effective. 
But.  if  there  me  many  unstable  coupled  bunch  modes,  a 
wideband  system  would  be  most  cost  effective  by  reducing 
processor  costs. 

B.  Phase  Error  and  Delay 

The  RF  accelerating  voltage  in  (he  Booster  must  ramp 
from  a  frequency  of  30MHz  to  53MHz  in  a  cycle  time  of 
33ms,  and  the  non-linear  frequency  r;unp  has  a  peak  slope  of 
2GHz/s  near  the  beginning  of  the  cycle.  The  revolution 
period  vttries  from  2.8ps  to  1.59|is.  To  maintain  feedback  on 
the  proper  bucket,  tire  processing  system  must  handle  1.21ns 
of  delay  change  quickly. 

An  error  in  delay  from  pickup  to  kicker  will  have  a 
greater  effect  on  the  wideband  dtunper  than  the  narrowband 
diunper.  The  narrowband  damper  sees  the  error  in  delay  as  a 
phase  shift  which  is  easily  compensated.  An  error  in  delay  for 
a  wideband  dtunper  may  cause  a  reduction  in  gain  for  higher 
frequency  modes  or  even  drive  them  unstable. 

III.  WIDEBAND  TRANSVERSE  DAMI’ER 

The  Fermilab  Booster  uses  a  directional  stripline  pickup 
to  detect  the  transverse  error  signal  for  the  dtunper  The 
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signals  from  the  two  plates  (top  and  bottom  for  vertical;  inner 
and  outer  for  horizontal)  are  combined  in  a  180°  hybrid.  The 
difference  signal  is  processed,  split  with  another  180°  hybrid, 
amplified,  and  sent  to  a  directional  stripline  kicker.  The 
processor  must  maintain  the  proper  phase  relationship,  bucket 
offset,  and  common  mode  rejection  for  effective  damping. 

A.  Timing  and  Delay 

Maintaining  proper  bucket  delay  is  one  of  the  most 
difficult  problems  in  designing  a  wideband  damper  system  for 
accelerating  beam.  The  revolution  period  gets  shorter  as 
beam  accelerates,  and  the  total  electrical  delay  from  pickup  to 
kicker  must  match  the  beam  transit  time.  One  way  around 
this  problem  is  to  sample  the  beam  digitally  and  delay  the 
digital  signal  for  a  number  of  clock  pulses.  The  system 
designed  for  the  Booster  is  shown  in  Figure  2. 


Figure  2.  Digital  Delay  Block  Diagram 

The  beam  signal  is  mixed  with  die  RF  frequency,  filtered, 
and  enters  an  A/D  converter.  From  the  converter,  the  data  is 
stored  in  a  fast  dual  port  memory  at  the  address  specified  by 
the  top  counter.  The  data  is  then  sent  to  the  D/A  converter 
when  the  bottom  counter  matches  its  memory  address.  The 
difference  in  value  between  the  two  counters  is  the  bucket 
delay.  The  signal  from  the  D/A  is  filtered  and  mixed  with  the 
RF  frequency  before  it  is  sent  the  kickers.  Mixers  are 
required  because  of  die  frequency  response  of  the  pickup  and 
amplifiers. 

Each  of  the  clock  signals  is  tied  to  the  Booster  VCO 
which  must  be  phase  locked  to  the  beiun.  The  signal  will  be 
sampled  at  the  exact  frequency  needed  to  d;imp  all  of  the 
coupled  bunch  modes  according  to  Nyquist  sampling. 

As  long  as  the  initial  bucket  delay  is  set  correctly,  hiking 
into  account  beam  velocity  ;uid  fixed  delay,  the  digitid  system 
will  remain  locked  to  the  beiun  and  provide  proper  bucket 
delay.  Figure  3  shows  the  timing  conditions  for  the  system. 
As  the  beam  accelerates,  more  of  die  bucket  delay  is  stored  in 
the  fixed  cable  delays,  Xp  and  x^  The  bucket  delay  of  die 
digital  delay  must  be  reduced.  Because  of  the  difference  in 
delay  from  the  VCO  to  the  A/D  trigger  and  the  D/A  trigger. 


an  increase  in  frequency  will  trigger  the  D/A  counter  more 
dian  the  A/D  counter  according  to: 

\/rfU’ +  Tkldt  -\jrflt'-T„]dt'  (1) 

The  number  of  buckets  stored  in  the  fixed  delay  increases  by 
the  exact  same  amount,  so  the  bucket  delay  stays  matched. 

Another  possibility  for  a  digital  delay  is  a  FIFO  memory. 
This  method  works  very  well  for  storage  rings  and  ultra 
relativistic  accelerators,  but  it  runs  in  to  problems  with 
sweeping  accelerators  because  of  its  fixed  memory  length. 
Even  a  FIFO  with  an  adjustible  pointer  will  have  trouble  when 
the  D/A  tries  to  read  a  signal  at  the  same  time  the  A/D  is 
shifting  the  memory.  The  A/D  can  write  to  the  dual  port 
memory  while  the  D/A  simultaneously  reads  from  it,  giving 
the  dual  port  memory  more  flexibility  than  die  FIFO. 


Xfo  =  Delay  from  VCO  to  Beam 
Xfc  =  Delay  from  D/A  to  Kicker 
Xp  =  Delay  from  A/D  to  Pickup 

Figure  3.  Transverse  Damper  Timing  Diagram 
B.  Noise  Power 

Because  the  system  is  wideband,  die  noise  power  is  much 
higher  than  for  a  narrowband  system.  Also,  the  noise  floor  is 
increased  by  the  digitization  noise  of  the  system[3].  The  A/D 
converter  is  8  bits  wide  and  will  have  a  dynamic  range  of 
48dB. 


This  transverse  diunper  system  has  two  features  which 
suppress  lundiuiientai  frequencies.  First,  the  system  uses  the 
difference  signal  from  a  stripline  pickup.  Ideally,  the  pickup 
would  only  delect  changes  in  displacement  and  ciuicel  out  all 
common  mode  signals.  Second,  the  siunpling  process  of  the 
digital  delay  filters  out  all  of  die  RF  harmonics  of  die  signal. 

IV.  NARROWBAND  longitudinal  DAMPER 

The  Booster  longitudinal  damper  uses  the  same  stripline 
pickup  used  by  the  transverse  diunper.  but  it  uses  die  sum  of 
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the  signals  from  the  plates  instead  of  the  difference.  The 
phase  of  this  signal  is  compared  to  the  phase  of  the  RF, 
processed,  amplified,  and  sent  to  a  wideband  cavity.  In  the 
case  of  the  narrowband  damper,  the  processing  must  filter  out 
a  single  coupled  bunch  mode  frequency,  and  track  that 
frequency  throughout  the  cycle[4], 

A.  Mode  Tracking 


The  frequency  of  a  coupled  bunch  mode  is  a  linear 
function  of  the  RF  frequency.  A  direct  digital  synthesizer 
creates  a  sine  wave  with  a  frequency  which  is  some  rational 
number  less  than  1  times  its  input  frequency.  Thus,  a  direct 
digital  synthesizer  is  perfect  for  tracking  the  coupled  bunch 
mode  frequency  with  a  sweeping  RF. 

Figure  4  shows  the  layout  of  the  Booster  narrowband 
longitudinal  damper  processor.  The  processor  is  a  tracking 
notch  filter,  where  the  notch  is  located  at  a  revolution 
harmonic.  The  revolution  harmonic,  around  which  damping 
occurs,  is  chosen  by  the  user  through  the  DDS.  An  equation 
for  determining  the  DDS  ratio  is: 


DDS  ratio  = 


mode#  +  harmonic  # 
harmonic  #  x  4 


) 


(2 


Figure  4.  Narrowband  Longitudinal  Dtunper  Processor 


This  ratio  can  be  set  using  any  terminal  emulator  with  an 
RS232  port.  A  frequency  quadrupler  is  used  to  track  inodes  at 
the  peak  response  of  the  pickup.  The  filters  in  the  baseband 
portion  of  the  processor  have  a  bandwidth  of  5  kHz  and  this 
keeps  the  noise  bandwidth  much  lower  than  the  wideband 
damper.  The  low  bandwidth  also  rejects  the  fundtuncntal 
frequency  except  for  the  leakage  through  the  mixers. 

Results  from  the  ntirrowband  dtunper  are  shown  in  Figure 

5. 


V.  WIDEBAND  LONGITUDINAL  DAMPER 


The  wideband  longitudinal  damper  system  tested  in  the 
Booster  is  an  energy  damper.  It  uses  the  horizontal  stripline 
detector  in  difference  mode  at  a  high  dispersion  point.  The 
energy  signal  is  then  processed,  tunplilied,  and  sent  to  a  wide 
bandwidth  cavity.  A  wideband  longitudinal  damper  requires 
almost  the  same  kind  of  processing  that  a  wideband  transverse 
damper  requires.  The  wideband  system  has  not  been  tested 
with  the  digital  delay,  however.  Instead,  a  system  of 
switching  cable  delays  was  used  which  did  not  provide 
adequate  common  mode  suppression  for  effective  damping. 
This  test  led  to  the  design  of  the  digital  delay,  and  future 


Figure  5.  Effect  of  dtunpers  on  coupled  bunch  mode  #35. 

RF  =  52.8MHz.  DSA  ratio  =  (35  +  84)/(4*84) 

designs  of  the  digital  delay  are  planned  for  the  longitudinal 
dtunper. 
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Abstract 

A  new  method  for  measuring  the  beta  function  around 
LEP  is  presented.  The  method  uses  phase  difference  mea¬ 
surements  between  three  adjacent  beam  position  monitors 
to  obtain  the  value  for  the  beta  function  at  the  monitors 
and  in  their  neighbourhood,  e.g.  at  interaction  points, 
electrostatic  separators  etc.  The  phase  differences  are  ob¬ 
tained  from  measuring  coherent  betatron  oscillations  for 
1024  turns  at  the  504  beam  position  monitors.  After  a  dis¬ 
cussion  of  the  accuracy  of  the  method  the  measured  values 
for  the  beta  function  are  compared  with  the  theoretical 
values  for  different  lattices.  In  regular  parts  of  the  lattice 
(e.g.  arcs)  the  beating  of  the  beta  function  measured  us¬ 
ing  this  method  agrees  well  with  the  beating  obtained  by 
another  method  using  a  fit  of  the  phase  over  15  monitors. 

I.  INTRODUCTION 

During  1992  on  several  occasions  the  optics  mismatch 
was  measured  at  LEP  using  the  phase  difference  measure¬ 
ments  realised  by  the  BOM  (Beam  Orbit  Measurement 
system)  1024  turns  facility.  In  this  report  a  new  method 
to  obtain  the  experimental  values  of  the  beta  and  alpha 
functions  from  these  phase  difference  measurements  is  pre¬ 
sented.  The  accuracy  of  this  technique  has  been  studied 
by  obtaining  the  error  in  the  phase  measurement  and  its 
good  performance  proved  by  comparing  the  results  with 
other  methods.  This  method  is  used  for  checking  the  ma¬ 
chine  optics,  however  a  very  precise  measurement  of  the 
beta  function  will  be  very  helpful  at  the  radiation  source 
for  the  exact  calibration  of  emittance  monitors,  at  Beam 
Position  Monitors  (BPM)  for  their  calibration,  at  Interac¬ 
tion  Points  (IP)  and  at  Electrostatic  Separators  (ES). 

II.  PHASE  MEASUREMENT  AT  LEP 

The  1024  turns  beam  position  measurement  at  each 
BPM  is  used  in  combination  with  the  LEP  Q-meter.  The 
Q-meter  measures  the  fractional  part  (q)  of  the  betatron 
tunes  by  exciting  and  observing  coherent  transverse  oscil¬ 
lations  in  the  horizontal  and  vertical  planes  with  a  sin¬ 
gle  dedicated  beam  position  monitor  [1].  To  measure  the 
phase,  one  specific  bunch  is  excited  in  one  plane  (hori¬ 
zontal  or  vertical)  with  a  frequency  close  to  the  betatron 
tune.  The  amplitude  of  the  bunch  oscillations  depends  on 
the  proximity  of  the  exciting  frequency  to  the  tune  and 
on  the  strength  of  the  excitation.  For  a  precise  measure  of 
the  phase  of  these  oscillations,  the  beam  must  be  excited  to 
high  amplitude  to  gain  in  signal  to  noise  ratio.  The  max¬ 
imum  amplitude  is  limited  by  the  machine  aperture  but 
also  the  presence  of  non-linear  elements  (like  sextupoles 


etc.)  constrains  the  maximum  due  to  non-linear  fields. 
These  oscillations  are  then  sampled  at  each  BPM  for  1024 
turns  (i.e.  during  91  msec)  (see  fig.  1).  When  the  condi- 


beam  motion  (scale:  8  mm  peak  to  peak,  time=88.9 
psec/turn) 

tions  of  the  machine  are  stable,  a  constant  amplitude  of  a 
few  milimeters  is  observed  in  the  plane  of  excitation.  Ap¬ 
plying  harmonic  analysis  we  obtain  the  amplitude  A  and 
the  phase  p  of  these  oscillations  at  each  BPM: 


A- 


2  VC2  +  S2 
N 


where  N  =  1024  and 


N 

C  =  Xi  cos(2irtq) 

t=l 


AT 

S  =  Xi  sin(2*-tq) 

t=i 


Because  the  amplitude  obtained  is  proportional  to  •/]$,  one 
can  compare  the  measured  values  of  the  amplitudes  at  the 
BPMs  with  the  expected  ones  and  deduce  /?.  Unfortu¬ 
nately  this  method  depends  on  the  calibration  factor  of 
each  BPM.  However,  the  phase  differences  are  measured 
with  high  precision  and  there  is  no  systematic  error  since 
the  phases  are  independent  of  individual  monitor  calibra¬ 
tion  errors. 


III.  PHASE  ERROR  MEASUREMENT 

With  constant  amplitude,  the  error  of  the  phase  is  pro¬ 
portional  to  the  noise  of  the  position  signal  of  the  BPM. 
Using  harmonic  analysis  we  obtain  the  following  expression 
for  the  error: 


with: 

N  :  the  number  of  the  samples  (1024), 
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IV.  BETA  FUNCTION  MEASUREMENT 


A  :  amplitude  of  the  signal,  and 

0,  :  the  estimate  of  the  BPM  error  [3];  it  is  calculated  on 
the  basis  that  both  contributions  (the  electronic  noise  and 
the  numerical  error  of  the  ADC)  are  superimposed: 

° '•  ~  yJ^Num.Error  +  a Bltetr.Noit *  =  0  07mm 


Once  the  phase  differences  have  been  measured  between 
all  BPMs  around  LBP,  the  beta  and  alpha  functions  are 
obtained  using  the  following  method. 

Let  M  be  the  transfer  matrix  of  a  charged  particle  from 
one  point  *1  to  another 


On  40  occasions  with  different  optics,  tunes  and  excitation 
amplitude  the  phase  difference  was  measured  and  the  po¬ 
sition  data  from  each  BPM  recorded.  In  the  following  we 
discuss  the  results  of  the  phase  error  obtained  for  these  40 
data  sets  and  compare  these  results  with  the  error  values 
expected  shown  above.  First  of  all,  the  frequency  of  the 
oscillations  is  determined  by  taking  the  frequency  with  the 
maximum  amplitude  response  using  harmonic  analysis.  A 
precise  value  of  the  oscillation  frequency  is  necessary  to 
compute  the  phase,  because  the  phase  result  is  very  sen¬ 
sible  to  small  changes  on  the  frequency  selected  for  the 
harmonic  analysis. 

To  calculate  the  error  of  the  phase  the  procedure  is  to  re¬ 
peat  the  same  measurement  several  times  and  obtain  the 
sigma.  In  order  to  estimate  the  error  in  the  phase  measured 
at  the  BPMs,  the  technique  used  is  to  take  segments  of  n 
points  (n  smaller  than  1024,  e.g.  512  or  256)  from  the  first 
point  and  sliding  it  over  the  entire  measurement  of  1024 
points.  Applying  harmonic  analysis  gives  (1025  —  n)  phase 
values.  The  sigma  of  these  phase  results  have  been  found 
to  be  10  or  50  times  higher  than  the  expected  phase  error. 
In  some  cases,  oscillations  of  the  phase  of  50  Hs  (probably 
due  to  power  supplies  noise)  have  been  observed  in  the  re¬ 
sults. 

However,  taking  two  BPM  signals  from  the  same  data  set 
and  calculating  the  phase  difference  between  them,  the  dis¬ 
persion  of  the  results  decreases  drastically  and  corresponds 
to  the  predicted  phase  accuracy  (see  fig.  2).  Whatever  ef- 


phase  advance  erroi  versus  signal  amplitude 
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Figure  2:  Phase  difference  error  average 


(;),  ■  (z  =)(;),  « 

where  x  is  the  particle’s  displacement  from  the  beam  center 
and  x'  the  angle  and  the  elements  nnj  can  be  expressed  as 
[2]= 

cos  ft  +  a  i  sin  /t  /?!  sin  ft 

— yi  sin  ft  cos  ft  —  a  i  sin  ft 

where  (3  is  the  beta  function,  «  =  —  5  f /  ,  7  =  (1  +  a7)/f3 
and  ft  is  the  phase  difference  defined  as: 


This  matrix  M  is  easily  obtained  by  multiplying  succes¬ 
sively  the  transfer  matrices  for  each  existing  element  (drift 
space  or  quadrupole)  between  «i  and  S3.  The  matrix  ele¬ 
ments  of  the  first  row 


mu  _  cos  ft  +  an  sin  ft 

m12  /?i  sin  ft  '  ' 

show  the  relationship  between  the  optics  parameters  (3  and 
a  at  * 1  and  ft  the  phase  difference  between  si  and  s*.  The 
phase  difference  is  provided  by  the  BOM  1024  turns  facility 
and  the  matrix  coefficients  are  calculated  from  the  layout 
between  two  BPMs  and  reading  the  magnet  strengths  of 
the  quadrupoles.  Consequently,  in  equation  (5)  there  are 
two  unknown  variables:  a  and  /3.  Therefore,  a  set  of  three 
consecutive  BPMs  is  selected. 

Let  mu  and  mi3  be  the  elements  of  the  first  row  of  the 
transfer  matrix  from  monitor  1  to  monitor  2  and  Nu  and 
N12  be  the  similar  elements  for  the  transfer  matrix  from 
monitor  1  to  monitor  3,  then  the  equations  are: 

f3\  — —  =  cot  ¥12  -f  <*1  (6) 

mil 

Pi  ~»r~  =  COt^ls+tti  (7) 

**13 

with  'iij  :  the  phase  difference  between  BPMs  j  and  i. 
Finally  it  yields: 


feet  introduces  a  change  in  the  oscillations  (e.g.  50  Hs 
noise,  changes  in  the  natural  tune  etc)  it  is  seen  by  all 
BPMs,  and  the  phase  difference  is  not  very  sensitive  to 
beam  perturbations.  To  summarise,  a  determination  of 
the  oscillation  frequency  with  an  accuracy  less  than  ~  10~* 
and  an  oscillation  amplitude  of  at  least  1  mm  are  needed 
to  compute,  through  the  Harmonic  Analysis,  the  phase 
difference  with  an  error  of  4-5  mradians. 


cot  ¥13  -cot*u  ,-v 

(mu  /  ml2)  -  {Nn  /  N12)  ' 

(Nn/  Nit)  cot  *11  -(mn/  mi2)  cot  ... 
(mn  /  ***13)  ~  (Nn  /  Nu) 

Alternatively,  knowing  the  theoretical  values  of  beta  and 
the  phase  difference  (by  other  programs  like  MAD),  the 
expression  of  the  experimental  P(ezp)  yields  as  the  ratio 
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bota  mtmirmut  at  Mom  tnsaumsntaUon 


between  the  measured  cot  ¥n— cot  ¥u  and  the  theoretical 
one: 


A(««p) 


cot  $i3(itp)  cot m(txp) 
(‘k‘0)  cot  cot  *ll(,fc.o) 


(10) 


and  one  easily  deduces  the  equivalent  expression  for  alpha. 
The  method  is  limited  for  a  regular  structure  such  as  the 
FODO  cells  in  the  arcs  of  LEP  when  the  optics  has  a  phase 
difference  of  90  degrees  between  consecutive  BPMs.  In  this 
case,  cot  ¥  is  sero  and  /3  can  not  be  calculated. 

V.  BEATING  OF  THE  BETA  FUNCTION 
MEASUREMENTS 

During  last  years  run,  LEP  was  operated  mainly  using 
90  degrees  lattice  optics  and  only  a  few  times  in  special 
Machine  Development  (MD)  schedules  the  60°  lattice  op¬ 
tics  was  used.  In  the  following  pictures  all  the  results  are 
shown  as  the  ratio  between  the  experimental  value  of  beta 
obtained  by  this  method  and  the  theoretical  beta  calcu¬ 
lated  with  the  MAD  model  [4].  Figure  3  shows  the  verti¬ 
cal  beta  function  for  60°  lattice  at  the  BPMs  obtained  by 
this  method  (line  and  crosses)  compared  to  the  beta  beat¬ 
ing  obtained  by  fitting  [5]  the  measured  phase  difference 
over  15  BPMs  (white  boxes)  in  the  arc  between  Interaction 
Point  2  (IP2)  and  IP3.  The  latter  method  makes  the  hy¬ 
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Figure  3:  Comparison  between  beta  beating  fit  method 
and  the  value  of  beta  obtained  with  eq.  8 
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Figure  4:  Vertical  beta  function  measured  at  Beam  Instru¬ 
mentation  (90s  lattice,  46  GeV) 
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Figure  5:  Horisontal  beta  function  measured  at  Horisontal 
Separators  (90°  lattice,  46  GeV) 

VI.  CONCLUSION 


From  the  BOM  1024  turns  measurement  the  phase  er¬ 
ror  is  typically  about  4-5  mrad  for  a  signal  of  1  mm  of 
amplitude  and  1024  points.  An  algorithm  applied  to  three 
consecutives  BPMs  gives  the  local  values  of  the  betatron 
function  assuming  no  magnetic  error  between  the  three 
BPMs.  Apart  from  when  the  phase  difference  between 
BPMs  is  90°,  the  value  of  beta  is  determined  with  a  preci¬ 
sion  better  than  5  %  in  general.  From  the  same  algorithm 
the  alpha  function  is  also  calculated  and  both  alpha  and 
beta  values  can  be  transported  from  the  BPMs  to  other 
points  of  interest  such  as  at  emittance  monitors,  radiation 
source  instruments,  electrostatic  separators  and  interac¬ 
tion  points. 
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Abstract 

The  SLAC  Linear  Collider  now  has  a  total  of  twenty- 
four  beam-steering  feedback  loops  used  to  keep  the  electron 
and  positron  beams  on  their  desired  trajectories.  Seven 
of  these  loops  measure  and  control  the  same  beam  as  it 
proceeds  down  the  linac  through  the  arcs  to  the  final  fo¬ 
cus.  Ideally  each  loop  should  correct  only  for  disturbances 
that  occur  between  it  and  the  immediate  upstream  loop. 
In  fact,  in  the  original  system  each  loop  corrected  for  all 
upstream  disturbances.  This  resulted  in  undesirable  over¬ 
correction  and  ringing.  We  added  MIMO  (Multiple  Input 
Multiple  Output)  adaptive  noise  cancellers  to  separate  the 
signal  we  wish  to  correct  from  disturbances  further  up¬ 
stream.  This  adaptive  control  improved  performance  in 
the  1992  run. 

I.  INTRODUCTION 

The  SLC  presently  has  twenty-four  steering  feedback 
loops  running  [1].  Seven  of  these  loops  are  placed  one  after 
the  other  along  the  linac. 

A  typical  loop  measures  and  controls  eight  states:  the 
position  and  angle  of  the  electron  beam  in  both  the  hori¬ 
zontal  and  vertical  directions  and  the  same  for  positrons. 
The  loop  measures  these  states  using  ten  beam  position 
monitors  (BPMs).  Each  monitor  gives  the  horizontal  and 
vertical  position  for  electrons  and  positrons.  Hence,  there 
are  a  total  of  forty  measurements. 

Each  feedback  loop  is  designed  using  our  knowledge 
of  accelerator  optica  and  the  state-space  formalism  of  con¬ 
trol  theory.  The  linear  quadratic  Gaussian  (LQG)  method 
is  used  to  design  optimum  filters  to  minimize  the  rms  dis¬ 
turbance  seen  in  the  beam.  Since  there  is  a  fair  amount  of 
white  noise  in  the  incoming  beam  disturbance,  this  filter 
averages  measurements  of  about  six  beam  pulses.  Hence 
the  typical  loop  corrects  most  of  a  step  change  in  six  pulses. 

A  problem  exists  with  the  system  as  described  so  far. 
Seven  loops  in  a  row  examine  the  same  beam.  Figure  1 
depicts  the  beam  trajectory  in  the  region  of  two  of  these 
loops.  Figure  la  shows  the  trajectory  on  the  first  pulse 
after  a  sudden  disturbance  (such  as  an  operator  adjust¬ 
ing  a  dipole  magnet  strength)  upstream  of  the  two  loops. 
The  plot  of  transverse  beam  position  as  a  function  of  dis¬ 
tance  along  the  linac  shows  the  sine-like  trajectory  caused 
by  the  focusing  quadrupole  lenses.  At  this  time,  the  loops 
have  not  made  a  correction.  Figure  lb  shows  the  trajec¬ 
tory  on  the  next  pulse.  To  keep  this  example  simple,  the 
loops  were  set  to  completely  fix  an  error  detected  in  one 
pube  instead  of  in  six.  The  first  loop  completely  corrected 
the  original  disturbance.  The  second  loop  also  made  a  cor¬ 
rection,  which  was  unnecessary  because  the  first  loop  cor- 
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Figure  1.  Feedback’s  response  to  a  disturbance.  The  beam 
trajectory  shown  is  on  the  first  pulse  (a)  and  second  pulse 
(b)  after  a  sudden  disturbance  is  introduced.  The  response 
of  the  two  feedback  loops  shows  the  need  for  the  adaptive 
noise  cancelling  system. 
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rected  for  the  disturbance.  Of  course,  on  the  next  pulse 
the  second  loop  would  correct  its  error  but  the  damage  has 
been  done,  the  loops  have  overshot  the  mark  for  a  pulse. 
The  problem  gets  much  worse  with  seven  loops  in  a  row. 
The  overshoot  can  be  reduced  by  having  each  loop  respond 
more  slowly  but  the  system  still  overshoots  and  then  rings 
for  many  pulses.  The  system  is  stable  and  the  ringing 
gradually  dies  out,  but  the  overall  response  of  the  loops  is 
not  optimal,  hence  the  beam  positions  and  angles  have  a 
larger  rms  than  need  be. 

The  proper  solution  is  to  have  each  loop  correct  only 
for  disturbances  which  happen  between  it  and  the  next 
upstream  loop.  This  would  completely  eliminate  the  over¬ 
shooting  caused  by  multiple  loops  correcting  for  the  same 
disturbance. 


ADDING  A  MIMO 
ADAPTIVE  NOISE  CANCELLER 

An  individual  loop  (say  loop  n+1)  has  only  a  few  local 
BPMs  to  detect  disturbances  in  the  beam.  It  has  no  way  to 
tell  how  far  upstream  the  disturbance  occurred.  Since  we 
want  loop  n+1  to  correct  for  disturbances  downstream  of 


0-7803-1203-1/93S03.00  ©  1993  IEEE 


2106 


2.  Adaptive  MIMO  noise  canceller  added  to  the  typical  feedback  loop. 


loop  n,  but  not  upstream,  the  upstream  disturbances  can 
be  thought  of  as  noise.  Hence  an  adaptive  noise  canceller 
can  be  used  to  solve  our  problem. 

A  block  diagram  of  the  cascading  of  information  from 
one  loop  to  the  next  is  shown  in  Figure  2.  The  bold  lines 
represent  information  carried  by  the  beam  and  the  bold 
boxes  represent  transfer  functions  which  are  part  of  the 
plant  (accelerator).  The  non-bold  items  represent  items 
implemented  as  part  of  our  feedback  system. 

The  line  in  the  upper  left  labeled  ‘‘Positions,  angles 
at  loop  n”  represents  the  eight  states.  Since  loop  n  is 
responsible  for  maintaining  these  states  at  their  desired  set 
points  (which  are  typically  zero  since  we  want  the  beam 
to  move  in  a  straight  line  down  the  center  of  the  linac), 
as  far  as  loop  n+1  is  concerned,  these  states  are  noise. 
Loop  n  reads  some  BPMs  and  calculates  the  positions  and 
angles  from  their  readings.  It  uses  the  numbers  for  its  own 
feedback  loop,  and  sends  them  via  a  communications  link 
(labeled  “Measured  positions,  angles  at  loop  n”)  to  loop 
n+/,  that  uses  them  as  its  noise  reference  signal  for  its 
adaptive  noise  canceller. 

Similar  information  is  carried  to  loop  n+1  by  the  beam 
itself.  Between  the  two  loops,  the  beam  executes  a  beta¬ 
tron  oscillation  so  that  positions  and  angles  transform  into 
each  other.  This  is  represented  by  the  box  labeled  “TVans- 
port  from  n  to  n+1,”  and  represents  the  accelerator,  dy¬ 
namics  between  the  two  loops.  It  is  very  important  to  note 
that  our  problem  is  static;  the  transport  of  this  beam  pulse 
does  not  depend  on  the  positions  and  angles  of  the  previ¬ 
ous  beam  pulse.  Hence,  the  box  can  be  represented  as  a 
simple  8x8  matrix. 

In  addition  to  the  simple  transport  of  the  beam,  an  ad¬ 
ditional  “Disturbance  between  n  and  n+1”  may  be  added. 


This  disturbance  could  be  due  to  a  klystron  tripping  off  or 
an  operator  adjusting  a  magnet.  Loop  n+1  is  intended  to 
correct  this  kind  of  disturbance  so  that  it  corresponds  to 
the  signal  that  we  want  the  noise  canceller  to  extract. 

The  last  box  that  needs  an  explanation  is  the  “LQG 
Feedback  Controller.”  This  box  represents  the  controller 
feedback  loop  n+1.  The  controller  now  takes  as  its  input 
the  output  of  the  MIMO  adaptive  noise  canceller,  which 
represents  our  best  estimate  of  the  “Disturbance  between 
n  and  n+1.”  That  is  precisely  what  we  want  loop  n+1  to 
correct.  The  output  of  the  controller  controls  the  dipole 
magnets  that  steer  the  beam  between  n  and  n+1.  Hence 
its  output  is  shown  summed  into  the  positions  and  angles 
of  the  beam  transported  from  loop  n. 

In  summary,  before  the  implementation  of  the  adap¬ 
tive  noise  canceller,  the  series  of  seven  feedback  loops  over¬ 
corrected  for  deviations  in  the  position  and  angle  of  the 
beam  because  each  feedback  loop  acted  independently,  and 
all  feedback  loops  applied  a  correction  for  the  same  distur¬ 
bance.  MIMO  adaptive  noise  cancellers  allow  each  loop  to 
separate  disturbances  that  happen  immediately  upstream 
from  those  that  occur  upstream  of  the  previous  loop.  This 
action  cures  the  over-correction  problem. 

ADAPTIVE  CALCULATION 

Before  delving  into  the  details  of  the  adaptive  calcu¬ 
lation,  it  is  worthwhile  to  ask  why  adaptation  is  necessary 
at  all.  What  is  varying?  The  box  labeled  “Transport  from 
n  to  n+1”  in  Figure  2  is  what  varies.  It  accounts  for  the 
sine-like  trajectory,  caused  by  the  focusing  magnets,  that 
the  beam  follows  as  it  travels  down  the  accelerator.  For 
example,  if  loop  n+1  is  90s  of  the  betatron  (sine-like)  oscil¬ 
lation  downstream  of  loop  n,  then  a  position  offset  at  loop 
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n  becomes  an  angle  at  loop  n+1,  and  an  angle  transforms 
into  a  position.  The  transformation  is  critically  dependent 
on  the  number  of  betatron  oscillations  between  the  loops. 
This  is  parameterised  as  the  phase  advance  where  360°  of 
phase  advance  corresponds  to  one  full  oscillation.  Figure  1 
shows  two  loops  separated  by  5  x  360*  of  phase  advance, 
the  average  for  the  loops  in  the  SLC.  The  dotted  line  in 
Figure  la  shows  a  betatron  oscillation  where  the  focusing 
strength  is  incorrect  by  1  percent,  an  error  typical  of  the 
real  linae.  Note  that  the  position  and  angle  at  the  second 
loop  are  quite  different  due  to  the  1  percent  error.  This  sig¬ 
nificant  variation  of  the  “Transport  from  n  to  n+1”  forces 
the  use  of  an  adaptive  method  for  the  noise  canceller. 

The  updates  of  the  weights  in  the  adaptive  filter  are 
made  using  the  Sequential  Regression  (SER)  algorithm  [2]. 
The  equations  used  in  the  SER  algorithm  are  explained  in 
Reference  [2]. 

Basically  the  inverse  of  the  input  correlation  matrix  is 
estimated.  This  estimate  is  used  to  scale  the  inputs  so  that 
all  the  eigenvalues  of  the  correlation  matrix  of  the  scaled 
inputs  are  equal  to  one. 

Using  the  SER  method,  the  calculation  of  the  weights 
becomes  unstable  for  a  short  time  if  the  beam  jitter  sud¬ 
denly  increases.  During  the  time  it  takes  for  the  estimate 
of  the  inverse  of  the  input  correlation  matrix  to  converge  to 
the  new  value,  the  weights  diverge  rapidly.  This  problem 
and  the  solution  were  found  in  simulation:  not  to  update 
the  weights  if  the  inverse  correlation  matrix  is  receiving 
large  updates. 

After  testing  the  algorithms  with  the  computer  simu¬ 
lation  we  implemented  them  in  the  SLC  control  system. 

EXPERIENCE  ON 
THE  REAL  ACCELERATOR 

First  we  turned  on  just  the  adaptive  algorithm.  The 
results  were  not  used  to  control  the  beam.  After  confirm¬ 
ing  that  the  matrices  had  converged  to  reasonable  values, 
we  turned  on  the  noise  cancelling  system.  As  shown  in 
Figure  3  the  response  to  a  step  disturbance  in  the  beam 
trajectory  was  greatly  improved  with  the  startup  of  the 
adaptive  noise-cancelling  system. 

Over  the  next  few  weeks  we  varied  the  learning  rate 
to  find  the  optimum  value  that  would  allow  the  adaptation 
to  converge  rapidly  without  having  too  much  noise  intro¬ 
duced  by  the  adaptive  process.  We  settled  on  a  learning 
rate  of  0.001  and  an  adaptive  update  rate  of  10  Hz.  A 
convergence  time  of  about  100  seconds  resulted.  The  sys¬ 
tem  ran  for  several  days  with  learning  rates  of  0.1  and  0.01 
and  was  completely  stable,  but  with  these  higher  learning 
rates  more  random  noise  showed  in  the  adaptive  matrix 
elements. 

The  adaptive  noise-cancelling  addition  to  the  fast 
feedback  system  has  been  running  stably  in  seven  locations 
on  the  SLAC  linear  collider  for  over  six  months.  Probably 
the  best  measure  of  its  robustness  and  stability  is  that  op¬ 
erators  have  made  so  middle  of  the  night  phone  calls  asking 
for  help  to  recover  from  a  problem.  In  fact  there  have  been 
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Figure  3.  Response  of  a  chain  of  six  feedback  loops  to  a  sad¬ 
den  disturbance  in  the  incoming  beam.  In  part  (a)  adap¬ 
tive  noise  cancelling  is  off  so  there  is  a  ringing  caused  by  the 
over  correction  of  many  loops.  In  part  (b)  adaptive  noise 
cancelling  is  on,  so  the  whole  chain  of  loops  responds  like  a 
single  loop.  In  fact,  the  first  loop  did  all  the  work  to  correct 
the  beam  and  the  downstream  loops  did  virtually  nothing. 

no  significant  problems  with  the  system.  Adaptive  noise 
cancelling  has  significantly  improved  the  performance  of 
our  feedback  systems  and  helped  us  achieve  our  goals  of 
accelerating  two  beams  over  a  distance  of  three  kilometers, 
pointing  the  beams  at  each  other,  and  then  colliding  them 
head  on  so  they  pass  through  each  other  even  though  they 
have  a  radius  of  only  2  pm  at  the  collision  point. 

In  fact  we  have  received  an  unexpected  bonus  from  the 
adaptive  calculation.  The  adaptive  weights  can  be  inter¬ 
preted  as  measurements  of  the  beam  transport  matrix  from 
one  loop  to  the  next.  These  measurements  are  recorded  on 
disk  and  can  be  displayed.  Such  data  shows  a  typical  vari¬ 
ation  of  over  30  degrees  which  is  about  1  percent  of  the  to¬ 
tal  phase  advance  between  the  two  loops.  We  have  made 
many  checks  and  convinced  ourselves  that  this  variation  is 
caused  by  a  real  variation  in  the  focusing  strengths  in  the 
linac  (typically  due  to  rf  phase  and  energy  changes).  Ac¬ 
celerator  physicists  are  using  this  data  to  identify  and  try 
to  fix  the  cause  of  the  changes  in  focusing  strength.  This 
would  make  a  still  more  stable  accelerator. 
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Abstract 

Calculations  of  transverse  coupled  bunch  growth  rates  in 
the  Advanced  Light  Source  (ALS),  a  1.5  GeV  electron  stor¬ 
age  ring  for  producing  synchrotron  radiation[l],  indicate 
the  need  for  damping  via  a  transverse  feedback  (TFB) 
system.  We  present  the  design  of  such  a  system.  The 
maximum  bunch  frequency  is  500  MHz,  requiring  that  the 
FB  system  have  a  broadband  response  of  at  least  250  MHz. 
We  describe,  in  detail,  the  choice  of  broadband  components 
such  as  kickers,  pickups,  power  amplifiers,  and  electronics. 

Introduction 

Because  of  the  high  beam  current  and  large  number  of 
bunches  at  the  ALS,  coupled-bunch  instabilities  are  pre¬ 
dicted  to  be  one  of  the  limiting  factors  in  achieving 
the  design  beam  intensity  while  maintaining  good  beam 
quality [2].  The  instabilities  are  driven  by  the  RF  cavity 
dipole  higher  order  modes  (HOMs)  and  the  resistive  wall 
impedance  of  the  vacuum  chamber.  We  have  designed  a 
TFB  system  to  damp  beam  oscillations  to  an  acceptable 
level.  General  ALS  parameters  relevant  to  the  system  are 
listed  in  Table  1. 

Feedback  Requirements 

The  proposed  TFB  system  is  a  so-called  bunch-by-bunch 
system  because  each  bunch  is  acted  upon  independently. 
This  requires  that  the  system  bandwidth  be  at  least 
one  half  the  bunch  frequency  to  encompass  all  possible 
coupled-bunch  mode  frequencies.  This  bandwidth  require¬ 
ment  poses  the  most  difficult  design  restrictions  on  the 
system. 

The  TFB  system  can,  in  principle,  be  operated  in  any 
one  of  many  frequency  bands  (0-250  MHz,  250-500  MHz, 
etc.).  In  order  to  minimize  expensive  wideband  high- 
power  driver  amplifier  power,  we  chose  to  kick  in  the  0-250 
MHz  frequency  band,  where  the  impedance  of  a  stripline- 
pair  kicker  is  greatest.  In  addition,  the  fastest  growing  CB 
modes  are  driven  at  low  frequency  by  the  resistive  wall 
impedance,  where  the  kicker  impedance  is  maximum.  The 
lowest  frequency  unstable  mode  is  assumed  to  be  no  lower 
than  150  kHz. 

The  amount  of  voltage  kick/turn  and  gain  required  in 
the  system  is  determined  by  the  driving  impedances,  to¬ 
tal  beam  current,  and  transverse  oscillation  amplitude.  In 
order  to  damp  an  oscillation,  the  TFB  system  must  be  ca¬ 
pable  of  providing  a  transverse  voltage  kick  equal  to  the 

*Thi«  work  *u  supported  by  the  Director,  Office  of  Energy  Re¬ 
search,  Office  of  Basic  Energy  Sciences,  Materials  Sciences  Division, 
of  the  U.S.  Department  of  Energy  under  Contract  No.  DE-AC03- 
76SF00098. 


Parameter 

Description 

Value 

Eh 

Beam  energy 

1.5  GeV 

C 

Circumference 

196.8  m 

frf 

RF  Freq. 

500  MHz 

N 

Number  of  bunches 

328 

Io 

Total  DC  beam  current 

0.4  A 

<n 

RMS  bunch  length 

3.9  mm 

Q*,y 

Horizontal  betatron  tune 

14.28,  8.18 

Px,y,eav 

/3X  y  at  cavity 

11.5  m,  5  m 

Zjl.RW 

max.  RW  impedance 

2  Mfi/m 

Z±,HOM 

max.  HOM  impedance 

4  Mfi/m 

Table  1:  ALS  parameters  used  for  calculations. 


beam  induced  voltage.  Neglecting  radiation  damping,  this 
voltage  is  given  by 

14  =  I0AxZx  (1) 

where  Ax  is  the  transverse  oscillation  amplitude  of  a 
coupled-bunch  mode. 

Kicker  power  is  provided  to  deliver  a  transverse  kick  of 
1.6  kV/turn;  this  will  damp  a  CB  mode  oscillation  with 
amplitude  up  to  1  mm.  The  ALS  injector  system  injects 
beam  at  a  1  Hz  rate  in  bursts  of  ~1%  of  the  full  beam 
current.  The  injected  beam  has  ~10  mm  horizontal  offset 
from  the  design  orbit.  To  damp  this,  the  transverse  kick 
is  applied  until  it  is  damped  below  the  1  mm  saturation 
level  of  the  system  whereupon  the  feedback  becomes  pro¬ 
portional  to  beam  excursions.  In  the  few  milliseconds  this 
requires,  CB  growth  is  arrested  before  it  exceeds  the  1  mm 
limit. 

Feedback  System  Design 

General  Description 

A  general  diagram  of  the  TFB  system  is  shown  in  Fig¬ 
ure  1.  The  system  is  identical  in  both  transverse  planes. 
Two  transverse  (x,y)  pickup  signals  located  ~90°  apart  in 
betatron  phase  are  added  together  with  appropriate  coef¬ 
ficients  to  produce  a  90°  betatron  phase  shift  between  the 
pickup  signal  and  the  kicker  for  arbitrary  kicker  location 
and  betatron  tune.  The  electronics  systems  consist  of  two 
microwave  receivers  for  detecting  horizontal  and  vertical 
moment  (/o  Ax),  a  system  (shown  as  two  variable  atten¬ 
uators)  for  mixing  the  signals  from  the  two  pickup  sta¬ 
tions,  a  delay,  and  a  power  amplifier  for  driving  the  kicker. 
Detection  of  the  transverse  moment  rather  than  position 
makes  the  FB  damping  rate  current  dependent.  Except 
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arbitrary  dist. 


Figure  1:  General  arrangement  of  the  transverse  FB  sys¬ 
tem. 


for  increased  difficulty  in  calibrating  the  system,  this  does 
not  affect  the  ability  of  the  system  to  stabilize  the  beam. 
Separate  amplifiers  and  kickers  are  used  for  each  trans¬ 
verse  plane.  The  system  uses  entirely  analog  components, 
although  future  upgrades  include  a  digital  delay.  Appro¬ 
priate  interfaces  to  the  accelerator  control  system  are  not 
shown. 

Pickups 

A  set  of  four  LEP-style  beam  button  pickups[3]  are  used  as 
the  transverse  detectors  at  each  pickup  location.  Each  but¬ 
ton  has  a  measured  pickup  impedance  of  ~1  fi.  For  their 
arrangement  in  the  vacuum  chamber,  transverse  pickup 
impedance  is  — 1  ft/cm.  With  ALS  peak  bunch  currents 
in  excess  of  10  A,  the  pickups  provide  ample  signal.  Each 
button  has  been  loaded  with  ferrite  and  reduced  in  size  to 
suppress  high  frequency  resonances[4]  observed  in  bench 
measurements.  Observations  of  the  button  signals  during 
ALS  storage  ring  commissioning  show  adequate  bunch- 
to-bunch  isolation  to  reduce  coupling  through  the  TFB 
system. 

In  contrast  to  the  kicker  operation,  position  detection  is 
performed  at  3  GHz  (the  sixth  harmonic  of  the  RF).  This 
frequency  band  was  chosen  because  the  button  pickups  are 
most  sensitive  in  this  region.  As  indicated  below,  the  front 
end  receivers  detect  beam  position  at  this  frequency  and 
subsequently  demodulate  the  position  signals  to  baseband 
for  driving  the  kickers. 

Kickers  and  Amplifiers 

Each  transverse  kicker  is  a  pair  of  50  Q  quarter-wave 
striplines  at  250  MHz  operated  in  difference  mode.  The 
kicker  parameters  are  listed  in  Table  2. 

The  power  required  to  damp  the  amplitude  Ax  is,  using 
Vi,  from  Eq.  1,  given  by 


(2) 


indicating  that  we  require  >250  W/plane.  One  drawback 
of  kicking  in  the  baseband  is  the  problem  of  obtaining 
power  amplifiers  (500  W  cw  each)  which  have  good  lin¬ 
earity  and  phase  characteristics  over  this  relatively  wide 


Parameter  Description _  Value 


Zinp  Input  impedance  50  0 

26  Plate  separation  7.2  cm 

l  Kicker  electrical  length  30  cm 

g  Coverage  factor  1.1 

Rt,DC  Kicker  impedance  at  DC  8.9  kQ 

Ht, 250  Kicker  impedance  at  250  MHz  3.6  kfl 

n*  Number  of  kickers/plane  1 

Pr  Min.  amplifier  power  350  W 


Table  2:  IVansverse  stipline  kicker  parameters. 

frequency  range  (0.1-250  MHz).  Presently,  several  manu¬ 
facturers  of  such  amplifiers  have  submitted  proposals  and 
bids,  procurement  of  one  of  these  is  expected  to  take  place 
during  the  next  several  weeks.  Available  amplifiers  are 
solid-state  with  >57  dB  gain. 

RF  Electronics 

The  most  intricate,  and  perhaps  most  interesting  electron¬ 
ics  in  the  system,  are  the  3  GHz  front  end  receivers,  shown 
in  more  detail  in  Figure  2.  Bunch  to  bunch  position  varia¬ 
tions  due  to  coupled  bunch  instabilities  result  in  amplitude 
modulation  of  the  sixth  harmonic  3  GHz  beam  signal  (car¬ 
rier)  detected  by  the  button  pickups.  The  pickup  signals 
are  routed  to  the  receivers  via  accurately  phase-matched 
coaxial  cables.  In  addition,  the  receiver  inputs  employ  ad¬ 
justable  delay  lines  for  trimming  of  the  phase  match  be¬ 
tween  channels.  The  button  signals  are  first  bandlimited 
with  ±250  MHz  bandpass  filters  centered  at  3  GHz,  allow¬ 
ing  for  double  sideband  AM  detection.  Given  the  fact  that 
the  system  bandwidth  is  limited  to  250  MHz  (baseband)  by 
the  power  amplifiers,  the  bandpass  filters  were  chosen  so  as 
not  to  exceed  this  bandwidth  in  order  to  maximize  signal 
to  noise.  In  addition,  the  bandpass  filters  prevent  intense 
spikes  from  individual  bunches  from  reaching  the  ensuing 
gain  stages.  Apart  from  the  adjustable  attenuators,  whose 
function  is  described  below,  the  remaining  portions  of  the 
receivers  simply  sum  and  difference  the  button  signals  to 
produce  x  and  y  position  signals.  The  x  and  y  signals 
are  demodulated  to  baseband  with  a  3  GHz  local  oscil¬ 
lator  locked  to  the  storage  ring  RF.  As  a  practical  note, 
the  microwave  hybrids  for  performing  sums  and  differences 
have  been  purchased  as  an  integrated  package,  commonly 
known  as  a  monopulse  comparator.  With  no  significant  in¬ 
crease  in  cost,  the  integration  of  the  hybrids  yields  better 
phase  and  amplitude  balance  compared  to  using  separate 
components.  Demodulation  components  consist  of  stan¬ 
dard  mixers  and  250  MHz  low  pass  filters. 

In  order  to  reject  signals  due  to  closed  orbit  offsets, 
the  receivers  employ  feedback  loops  which  eliminate  slowly 
varying  position  signals  by  setting  the  gains  of  each  button 
signal  so  that  the  beam  appears  to  be  effectively  centered 
in  the  button  array.  At  the  outputs  of  the  x  and  y  channel 
low  pass  filters,  low  frequency  error  signals  are  detected  via 
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Figure  2:  Receivers  used  in  the  transverse  FB  system. 


extreme^  narrow  band  low  pass  (<10  kHz)  filters.  These 
signals,  with  the  aid  of  the  integrators,  are  used  to  drive 
variable  attenuators  in  the  RF  legs  of  the  signal  paths  for 
each  button.  The  action  of  the  feedback  is  such  that  the 
attenuator  settings  vary  in  a  way  that  keeps  the  <10  kHz 
frequency  components  of  the  x  and  y  output  signals  at  zero. 
In  addition,  the  closed-orbit  feedback  loops  are  configured 
as  to  not  change  the  system  gain.  The  narrow  bandwidth 
of  the  feedback  allows  the  higher  frequency  components  of 
the  position  signals  (betatron  oscillations)  to  pass  undis¬ 
turbed  to  the  kickers.  With  this  10  kHz  bandwidth,  it 
is  conceivable  that  position  signals  due  to  magnet  power 
supply  ripple  can  be  zeroed.  The  variable  attenuators  are 
simply  RF  mixers  configured  in  “attenuator”  mode.  That 
is,  the  DC  coupled  IF  ports  of  the  mixers  are  driven  by 
error  currents  from  the  integrators  resulting  in  controlled 
attenuation  of  the  RF  signals  passing  from  the  RF  to  LO 
ports.  In  this  application,  it  is  important  that  the  control 
current  does  not  greatly  alter  the  phase  characteristics  of 
the  RF  signals.  At  present,  various  mixers  are  being  eval¬ 
uated  for  this  applications. 

Returning  to  Figure  1,  the  signals  from  each  receiver  are 
combined  in  proportions  dictated  by  the  Twiss  parameters 
at  the  two  pickups  and  the  phase  advance  between  the  two 
pickups  and  the  kicker.  These  parameters  are  determined 
by  an  on  line  computer  program  from  quadrapole  current 
measurements.  Horizontal  and  vertical  correction  signals 
are  then  sent  to  the  power  amplifiers  and  kickers  via  ~1 
turn  delay.  For  commissioning  of  the  system,  the  delay 


(approximately  600  nsec)  will  consist  of  a  coaxial  cable. 

Conclusions 

We  have  designed  a  TFB  system  to  damp  coupled-bunch 
oscillations  in  the  ALS.  Currently,  RF  electronics  are  be¬ 
ing  delivered,  the  amplifiers  are  being  ordered,  and  the 
stripline  kickers  are  being  constructed  for  installation  in 
summer  of  1993.  The  entire  system  should  be  installed 
and  operational  within  a  year. 

The  authors  would  like  to  thank  the  SLAC  Feedback 
Group  for  many  useful  discussions  and  members  of  the 
Center  for  Beam  Physics  at  LBL  for  their  general  support 
and  encouragement. 
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Abstract 

The  Advanced  Photon  Source  (APS)  will  be  a 
third-generation  synchrotron  radiation  source  (hard  x- 
rays)  based  on  7-GeV  positrons  circulating  in  a  1104-m 
circumference  storage  ring.  In  the  past  year  a  number 
of  the  diagnostic  prototypes  for  the  measurement  of  the 
charged-particle  beam  parameters  throughout  the 
subsystems  of  the  facility  (ranging  from  450-MeV  to  7- 
GeV  positrons  and  with  different  pulse  formats)  have 
been  built  and  tested.  Results  are  summarized  for  the 
beam  position  monitor  (BPM),  current  monitor  (CM), 
loss  monitor  (LM),  and  imaging  systems  (ISYS).  The 
test  facilities  ranged  from  the  40-MeV  APS  linac  test 
stand  to  the  existing  storage  rings  at  SSRL  and  NSLS. 

I.  INTRODUCTION 

The  Advanced  Photon  Source  (APS)  will  be  a 
third-generation  synchrotron  radiation  user  facility 
with  one  of  the  world’s  brightest  x-ray  sources  in  the 
10-keV  to  100-keV  regime  [1].  Its  200-MeV  electron 
linac,  450-MeV  positron  linac,  positron  accumulator 
ring  (PAR),  7-GeV  injector  synchrotron  (IS),  7-GeV 
storage  ring,  (SR),  and  undulator  test  lines  (UTL)  will 
also  provide  the  opportunity  for  development  and 
demonstration  of  key  particle  beam  characterization 
techniques  over  a  wide  range  of  parameter  space. 
Some  of  these  values  overlap  or  approach  those 
projected  for  fourth  generation  light  sources  as 
described  at  a  recent  workshop  [2],  The  Accelerator 
Systems  Division  (ASD)  Diagnostics  Group  is 
responsible  for  the  design,  procurement,  testing,  and 
operation  of  all  the  diagnostic  systems  on  the  injector 
rings,  their  transport  lines,  the  storage  ring,  and  the 
undulator  test  lines.  Descriptions  of  these  plans  using 
electrical  conversion  and  optical  conversion  techniques 
and  initial  results  from  some  prototype  diagnostics 
tested  on  the  linac  test  stands  operating  at  20  and  45 
MeV,  and  the  storage  rings  at  SSRL  and  NSLS  are 
presented  briefly.  These  are  supplemented  by  more 
detailed  reports  given  at  the  1992  Accelerator 
Instrumentation  Workshop  [3-8]  and  elsewhere  at  this 
conference.  A  brief  outline  of  the  undulator  test  line 
parameters  and  diagnostics  is  also  presented. 

*Work  supported  by  the  U.S.  Department  of  Energy,  Office  of  Basic 
Energy  Sciences,  under  Contract  No.  W-31-109-ENG-38. 


II.  BACKGROUND 

Space  precludes  providing  a  complete  description 
of  the  accelerator  facilities  for  the  APS  but  some 
background  information  is  needed.  The  baseline 
electron  source  is  a  thermionic  gun  followed  by  a  200- 
MeV  linac  operating  at  an  rf  frequency  of  2.8  GHz,  and 
a  maximum  macropulse  repetition  rate  of  60  Hz.  The 
base  injector  (gun,  bunchers,  and  45-MeV  accelerating 
structure)  was  operated  April  through  June  1992  as 
the  injector  linac  test  stand  [9],  The  design  goals 
include  14-ps-long  micropulses,  separated  by  350  ps  in 
a  30-ns  macropulse  with  a  total  macropulse  charge  of 
50  nC.  The  200-MeV  linac  beam  will  be  focused  to  a  3- 
mm  spot  at  the  positron-production  target.  The  target 
yield  is  about  0.0083  positrons  per  incident  electron 
with  a  solid  angle  of  0.15  sr  and  an  energy  range  of  8± 
1.5  MeV.  The  positrons  will  then  be  focused  by  a 
pulsed  solenoid  and  about  60%  of  them  will  be 
accelerated  to  450  MeV.  Commissioning  of  these  two 
linacs  is  to  be  completed  by  December  1993.  The  450- 
MeV  positrons  are  injected  into  the  horizontal  phase 
space  of  the  PAR  at  a  60-Hz  rate.  As  many  as  24 
macropulses  can  be  accumulated  as  a  single  bunch 
during  each  0.5-s  cycle  of  the  injector  synchrotron.  The 
injector  (or  booster)  synchrotron  accelerates  the 
positrons  to  7  GeV  at  which  energy  they  can  be 
extracted  and  injected  into  the  designated  rf  bucket  of 
the  storage  ring.  A  schematic  of  the  APS  accelerators 
which  lists  the  number  of  diagnostic  stations  is  given 
in  Ref.  3. 

Several  features  of  the  subsystems  are  provided 
in  Table  1.  The  peak  current,  bunch  length,  and 
charge  per  pulse  are  given  for  the  low  energy  transport 
(LET)  lines  between  the  linac  and  the  PAR  and  the 
PAR  and  synchrotron,  respectively.  The  high  energy 


Table  1.  APS  Parameters  for  Beam  Diagnostics 


LET  1 

LET  2 

HEX 

PEAK  CURRENT 

0mA 

11.9  A 

28.9  A 

BUNCH  LENGTH 

30  na 

0.2S  na 

122  pt 

INTENSITY  PER  PULSE 

Uiio'po «*rona 

22x10" 

2.2  X  lo" 

CHARGE  PER  PULSE 

340  pC 

3.5  nC 

3.5  nC 

PULSE  RATE 

MHz 

2  Hz 

2  Hz 
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transport  (HET)  parameters  are  also  provided.  The 
revolution  time,  bunch  length,  and  average  currents 
are  provided  in  Ref.  3  for  the  rings.  Due  to  the  low 
emittance  of  the  beam,  the  BrM  resolution  in  the  SR 
and  the  number  (360)  of  units  is  a  challenge. 

III.  Prototype  Diagnostic  Results 

The  basic  charged-particle  beam  parameters  such 
as  beam  position,  profile,  current,  bunch  length, 
energy,  and  beam  loss  are  to  be  addressed.  Both 
intercepting  and  nonintercepting  techniques  are  used. 
Some  of  the  systems  had  initial  results  from  their 
prototypes  on  the  APS  linac  test  stand  in  the  Spring  of 
1992  as  described  previously  [3,6,7].  Other  tests  have 
been  performed  on  the  ANL  Chemistry  Department 
linac  at  20  MeV,  the  Los  Alamos  APEX  facility  at  40 
MeV,  and  the  storage  rings  at  SSRL  and  NSLS  in  the 
year  prior  to  this  conference. 

A.  Beam  Position  Monitors 

The  mqjor  component  of  the  beam  position 
monitor  (BPM)  plans  involves  rf  BPM  pickup  elements 
and  their  associated  electronics.  The  button 
feedthrough  for  *’.e  storage  ring  main  chamber  (-10- 
mm-diameter  button)  and  the  insertion  device  chamber 
(~4-mm-diameter  button)  have  been  designed.  Over 
1800  standard  buttons  have  been  received  and  tested 
mechanically  and  electrically.  A  number  of  them  are 
installed  in  the  first  set  of  vacuum  chambers  in  a 
staging  area.  In  addition  to  these,  there  will  be 
intercepting  beam  profile  screens  and  the  use  of 
synchrotron  radiation  from  at  least  one  bending 
magnet  in  each  of  the  rings. 

The  BPM  electronics  have  been  designed  for 
single  turn  capability  in  the  storage  ring  and  injector 
synchrotron.  For  these  two  rings  the  prototypes  of  the 
rf  front  end  and  the  monopulse  receiver  that  uses  the 
AM/PM  conversion  technique  have  been  tested  in  the 
laboratory  and  with  input  from  BPMs  at  SSRL.  Figure 
1  shows  the  results  of  data  obtained  in  a  20-bunch 
mode  and  using  the  signals  from  the  SSRL  striplines. 
The  observed  linearity  and  the  resolution  were  scaled 
to  APS  conditions  satisfactorily  [4], 


Figure  1  BPM  Prototype  Electronics  Test  at  SSRL. 


Another  extensive  program  involves  our  orbit 
feedback  design  developments.  Both  AC  global  and 
local  feedback  aspects  are  involved.  Results  of  a  DC 
test  at  NSLS  of  the  singular  value  decomposition 
(SVD)  algorithm  for  global  feedback  were  encouraging. 
A  noticeable  improvement  in  the  rms  orbit  error 
relative  to  the  reference  orbit  was  obtained,  a  reduction 
from  137  pm  to  61pm.  This  is  described  in  mor  detail 
in  a  separate  paper  at  this  conference  [10]. 

B.  Beam  Current  Monitor 

Monitoring  of  the  current/charge  in  the  transport 
lines  and  rings  will  generally  be  based  on  use  of  fast 
current  transformers  manufactured  by  Bergoz  and  in- 
house  electronics.  Because  the  pulse  structure  of  the 
electron  linac  will  be  representative  of  beam  in  the 
linac-to-PAR  transport  line,  or  LET1,  the  prototype 
current  monitor  (CM)  was  tested  on  the  APS  linac  test 
stand  as  reported  previously  [6].  More  recently,  the 
integrating  current  monitor  (ICM)  was  tested  on  the 
ANL  Chemistry  Department  linac.  Measurement 
capability  of  the  charge  (5  nc)  in  a  2f  -ps  FWHM  bunch 
was  demonstrated  successfully.  Sum  signals  in  the 
BPMs  will  also  provide  relative  beam  intensity 
measurements. 

C.  Beam  Loss  Monitor 

The  loss  monitor  (LM)  system  which  will  cover 
the  entire  extent  of  beamlines  and  accelerators  was 
tested  as  a  prototype.  A  gas-filled  coaxial  cable  acting 
as  an  ionization  chamber  was  installed  along  the 
length  of  the  APS  linac  test  stand.  Results  from  t  ests 
at  25-40  MeV  were  reported  elsewhere  [7].  More 
recently  the  system  was  installed  in  the  first  30  m  of 
the  SSRL  storage  ring  after  the  injection  point.  Initial 
data  were  obtained  under  purposely  poor  injection 
efficiency  conditions.  The  trace  showed  losses  as 
negative-going  pulses  on  the  first  few  passes  around 
the  ring.  DC  tests  were  also  performed  and  compared 
successfully  to  the  SSRL  DCCT  under  various  stored 
beam  lifetime  conditions. 

D.  Imaging  System 

The  beam  imaging  system  (ISYS)  can  be  applied 
to  several  aspects  of  the  beam  profile  tasks.  These  can 
relate  to  beam  spatial  profiles,  energy,  or  bunch  length 
depending  on  the  location  in  the  beam  transport 
(dispersive  or  nondispersive)  or  the  nature  of  the 
imaging  system  (standard  camera,  gated  camera,  or 
streak  camera).  Initial  tests  included  use  of  a  VMF- 
architecture-based  video  digitizing  system  linked  to  a 
Sun  workstation.  We  have  recently  had  the  Los 
Alamos  GTA  video  system  adapted  to  the  APS  EPICS 
environment  [11].  Sample  data  from  the  use  of  a 
demo,  gated  camera  at  SSRL  (collaboration  with  Jim 
Sebek  and  Bob  Hettel)  show  the  ability  to  image  a 
single  bunch  from  a  single  pass  in  the  storage  ring.  A 
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short  gate,  -  30  ns,  was  used  and  the  gate  delay  was 
adjusted  to  step  the  active  window  off  the  back  edge  of 
the  beam  bunch  pattern.  The  signal  levels  for  N  =  0, 
1,  and  2  bunches  were  clearly  evident  (Fig.  2). 


OATBO  CAMS  HA.  RBSULTS 


Figure  2  Gated  camera  results  show  observation  of 
single  bunch  (N=l)  possible. 

IV.  UNDULATOR  TEST  LINES 

The  undulator  test  lines  are  being  considered  at 
650  MeV  and  7  GeV.  In  the  first  case,  the  tungsten 
positron  conversion  target  will  be  retracted  and  the 
450-MeV  linac  rephased  to  accelerate  the  electrons  to 
650  MeV.  A  key  point  here  would  be  the  switch  to  the 
rf  thermionic  gun  which  is  projected  to  provide 
normalized,  edge  emittance  of  about  10  it  mm  Tad,  a 
few  orders  of  magnitude  colder  than  the  standard 
thermionic  gun  [12].  This  gun  also  may  allow 
micropulse  bunch  lengths  of  less  than  1  ps  to  be 
attained  via  filtering  and  magnetic  compression 
techniques.  The  emittance  at  200  to  650  MeV  will  be 
measured  in  a  straight  10-m-long  section  that  bypasses 
the  PAR.  Cross-comparison  of  several  techniques, 
including  three-screen,  two-screen,  optical  transition 
radiation  (OTR)  interferometry  [13],  and  quadrupole 
field  scan,  is  planned.  Bunch  length  will  be 
determined  by  a  streak  camera  using  either  OTR  [8]  or 
some  other  prompt  mechanism.  Many  of  the  critical 
beam  parameters  identified  in  the  4th  Generation 
Light  Source  Workshop  [2]  will  be  approached  by  the 
proposed  undulator  test  line  electron  beam. 

V.  SUMMARY 

In  summary,  key  charged  particle  beam 
parameter  characterizations  are  being  addressed  at  the 
APS.  Due  to  the  diverse  parameter  space  involved,  a 
number  of  complementary  intercepting  and 
nonintercepting  beam  techniques  are  being  employed 
and  most  prototypes  have  now  been  tested.  In  the 
rings,  of  course,  the  nonintercepting  techniques  are 
dominant.  Additionally,  the  undulator  test  line 


initiative  will  address  measurement  of  high  brightness 
beams,  their  emittance-preserving  transport,  and  their 
interactions  with  undulators  in  a  parameter  space 
which  will  be  of  interest  to  the  designers  of  the  next 
generation  of  light  sources. 
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Abstract 

Some  applications  of  the  Induction  Accelerators 
require  high  quality  electron  beams  and  among  them 
we  are  mainly  interested  in  Free  Electron  Laser  (FEL) 
experiments  and  the  achievement  of  the  AIRIX  high 
performance  Radiographic  Hydrotest  Facility.  In  both 
cases  small  emittance  and  energy  spread  are  needed  to 
fulfill  the  experimental  requirements.  Beam 
diagnostics  have  been  developed  in  order  to  allow  a 
better  knowledge  of  the  main  parameters  and  hence  to 
optimize  it.  Since  pulsed  Accelerators,  and  namely 
Induction  Linacs,  have  essentially  time  dependant 
characteristics,  it  is  necessary  for  most  of  the 
diagnostics  to  be  time  resolved.  We  describe  the 
emittance  measurement  which  uses  the  Cerenkov 
radiation  from  a  thin  window  on  a  gated  camera  to 
record  and  process  the  image  of  a  pepper-pot.  A  new 
electron  magnetic  spectrometer  is  presented  which 
includes  high  energy  resolution  optical  fibers  and 
streak  camera  recording.  Other  diagnostics  are 
discussed  such  as  beam  position  measurements. 

I  -  INTRODUCTION 

In  high  current  electron  accelerators,  such  as 
Induction  Linacs,  mechanical  and  magnetic  aligment  is 
a  key  topic  for  the  beam  transport  and  the  emittance 
conservation  along  the  accelerator.  Small  amplitude 
misalignments  can  be  the  cause  of  aberrations  and 
instabilities  that  prevent  the  beam  from  being  properly 
transported  and  focused.  For  high  current  (kA),  low 
energy  (few  MeV)  pulsed  devices,  only  beam  position 
monitors  (BPM)  using  B-loops  can  be  used  as  non¬ 
destructive  diagnostics.  Other  diagnostics  that  stop 
the  beam  are  needed  to  measure  the  beam  emittance, 
the  beam  contour  and  position,  the  energy  spectrum  of 
electrons.  They  often  use  optical  observation  of  the 
Cerenkov  radiation  from  a  thin  target  placed  on  the 
beam  path.  At  higher  energies,  over  10  MeV,  it  may 
be  helpful  to  consider  the  Optical  Transition  Radiation 
(OTR)  as  a  powerful  and  non-destructive  beam 
diagnostic. 

Some  experimental  devices  and  first  results  are 
presented.  The  beam  facilities  devoted  to  these 
developments  are  the  LELIA  Induction  Accelerator, 


the  EUPHROSYNE  pulsed  electron  generator,  and 
the  ALEXIS  RF  accelerator  (for  OTR  studies). 

II  ALIGNMENT 

The  alignment  of  charged  particles  accelerators  has 
two  components  :  mechanical  alignment  and  magnetic 
alignment. 

A  -  Mechanical  alignment 

On  the  LELIA  accelerator  we  have  used  a  device 
with  a  He-Ne  laser  and  position  detectors  located  on 
the  mechanical  axis  of  each  part  of  the  accelerator.  It 
allows  to  measure  gaps  between  an  ideal  straight  line 
and  the  actual  axes  of  the  cells  with  an  accuracy  of  SO 
pm  over  a  30  m  machine. 

B  -  Magnetic  alignment 

The  magnetic  coils  allowing  the  beam  to  be  guided 
into  the  accelerator  are  mechanically  bound  to  the 
cells.  Magnetic  axis  of  each  coil  is  checked  in 
translation  and  rotation  by  the  use  of  the  stretched 
wire  technique.  It  allows  to  point  out  offsets  of  50  pm 
and  tilts  of  10  prad.  Only  tilts  in  rotation  can  be 
eliminated  by  the  help  of  steering  coils. 

C  -  AIRIX  Alignment 

We  are  currently  studying  procedures  for 
assembling  the  cells  and  achieving  the  whole 
accelerator  alignment. 

The  problem  of  marking  the  difference  between 
mechanical  and  magnetic  axis  should  be  solved  by  the 
assembling  technique  of  the  different  parts  of  the 
accelerator  and  the  use  of  homogenizer  rings  [1] 
mechanically  centered  in  the  coils.  References, 
carrying  back  the  magnetic  axis  to  the  outside  of  the 
structures,  will  make  possible  a  dynamic  realignment 
of  the  accelerator. 

Ill  -  EMITTANCE  MEASUREMENTS 

This  diagnostic  has  been  performed  to  measure 
time  resolved  electron  beam  transverse  emittance  by 
using  the  pepper-pot  technique.  Characteristics  of  the 
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beams  are  typically  1  to  3  kA  and  1  to  6  MeV  for  a 
pulse  duration  around  50  nsec.  The  beam  entering  the 
pepper-pot  is  screened  by  a  plate  which  holds  a  set  of 
holes  regularly  spaced  in  the  two  transverse  directions 
of  the  beam.  The  emerging  beamlets,  after  travelling  a 
drift  length  L,  strike  the  analysis  plane  (silica  window) 
for  electron-photon  Cerenkov  conversion.  But  here 
care  has  to  be  taken  of  the  spatial  resolution 
connected  with  the  thickness  of  the  interaction  target. 
The  transverse  emittance  is  then  defined  as  the  trace 
space  area  divided  by  n  occupied  by  the  beam  in  one 
direction.  This  area  is  determined  by  analyzing  the 
beamlet  distribution.  Thus,  emittance  can  be  measured 
in  the  two  transverse  directions  simultaneously. 

The  mechanical  parameters  of  the  diagnostic  have 
been  calculated  with  the  help  of  an  envelope  code.  For 
the  design  of  the  AIRIX  emittancemeter  at  E  =  4 
MeV,  I  =  3  kA  and  e  =  IOOti  mm  mrad  we  obtained 
the  values  indicated  on  the  figure  l.  This  experimental 
set  up  consists  in  : 

-  a  vacuum  tank  with  the  selection  and  analysis 
planes 

-  a  CCD  camera  (with  gating  from  3  nsec  to  300 
msec)  located  90°  from  the  beam  axis  to  record  the 
beamlet  distributions.  This  camera  is  packed  in  a  lead 
box  inside  a  Faraday  cage  to  shield  it  from  X  rays  and 
electromagnetic  radiations, 

-a  computer  in  order  to  analyze  the  pepper-pot 
image  and  calculate  the  emittance  value.  An  image 
processing  has  been  performed. 

This  apparatus  is  currently  being  tested  with  the 
EUPHROSYNE  generator  before  being  put  on  the 
LELIA  beam.  It  will  then  be  used  for  the 
measurement  of  the  emittance  of  the  AIRIX  injector 
electron  beam. 


Figure  1  :  AIRIX  emittance  layout 


IV  -  SPECTROMETER 

A  magnetic  spectrometer  is  being  tested  which 
allows  to  analyze  the  electron  energy  versus  time 
between  1  and  10  MeV. 

Its  principle  is  founded  on  a  180°  magnetic 
deviation  obtained  with  the  help  of  an  electromagnet. 
The  magnetic  field  is  measured  by  a  Nuclear  Magnetic 
Resonance  probe  giving  an  absolute  accuracy  around 
10*5. 

The  analyzing  plane  can  be  equipped  with  different 
detectors  such  as  a  film  (no  more  time  resolved 
measurements  in  this  case),  a  set  of  28  Faraday  cups 
allowing,  over  an  energy  range  of  0.5E,  resolutions  of 
A  E/E  =  2  %  and  At  =  3nsec,  and  two  sheets  of 
100  optical  fibers,  (see  Figure  2) 


Beam  energy  Bending  magnet 

(4  MW) 


Figure  2  :  Spectrometer 

In  this  last  case,  the  Cerenkov  radiation  emitted  by 
electrons  into  the  fibers  is  guided  to  a  streak  Camera 
which  allows  a  continuous  time  analysis  with  a  1  nsec 
resolution.  For  the  first  sheet  of  fibers  the  resolution  is 
AE/E  =  0,5  %,  over  an  energy  range  of  0,5E.  The 
second  sheet  with  fibers  placed  side  by  side  provides  a 
resolution  AE/E  =  0,1  %  over  a  0,1  E  energy  range. 

The  electron  path  has  been  numerically  simulated 
by  following  the  particles  in  the  actual  field  given  by  a 
magnetic  cartography  of  the  air  gap. 

Calibration  of  the  whole  is  achieved  at  low  energy 
(«  0,6  MeV)  thanks  to  a  Cs-Ba  p  source  and  a 
counting  system. 

V  -  BEAM  POSITION 

A  -  Bq  loops 

Determination  of  the  electron  beam  position  is 
obtained  from  measurements  given  by  4  loops 
influenced  by  the  Bq  field  generated  by  the  beam. 
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A  beam  calibration,  using  a  wire  (  which  simulates 
the  beam)  gives  the  result  when  centring  is  perfect  and 
then  when  a  few  millimeters  off-axis  displacement  is 
imposed. 

The  voltage  pulse  delivered  by  each  loop  is 
proportional  to  the  time  derivative  of  current.The 
integration  is  mathematically  obtained.  This  can  be  the 
cause  of  errors  due  to  the  evaluation  of  the  continuous 
level  of  offset.  It  would  probably  be  better  to  process 
the  signal  after  being  integrated  in  a  high  bandwith  (2 
GHz)  integrator  allowing  to  observe  fast  fluctuations 
of  the  beam  centroid.  An  other  way  of  improving  the 
diagnostic  could  be  the  use  of  calibrated  beam  instead 
of  a  wire. 

B  -  Optical  measurements 

Spatial  profile  and  position  of  the  beam  in  the  pipe 
are  analyzed.  Electron-photon  converters  allowing  to 
obtain  an  "  image  "  of  the  beam  are  inserted  in  the 
guiding  channel.  They  often  use  Cerenkov  radiation 
from  a  thin  target.  Such  measurements  have  been 
achieved  on  the  LELIA  injector  at  1.3  MeV  using  a 
fast  gated  camera  giving  a  5  nsec  time  resolution.  As 
an  alternative,  the  use  of  a  streak  camera  can  provide 
a  continuous  analysis  of  a  transverse  diameter  of  the 
beam  with  a  time  resolution  around  1  nsec. 

VI  -  OPTICAL  TRANSITION  RADIATION 

It  occurs  when  a  charged  particle  crosses  the 
interface  separating  two  mediums  having  different 
dielectric  indices[2-4].  As  a  first  advantage  this 
radiation  is  emitted  as  well  forward  than  backward  in 
visible  lobes  distinctly  orientated.  It  can  provide 
measurements  of  beam  position  and  profile,  but  in 
addition  it  can  give  access  to  the  beam  energy  since  the 
angular  separation  of  the  lobes  presents  a  lly 
variation. An  other  advantage  is  the  result  of  the 
nature  of  this  radiation,  depending  only  on  the  index 
variation.  It  allows  a  thin  membrane  to  be  used  as 
target  with  only  few  perturbation  in  the  beam 
transport. 

We  have  an  RF  accelerator  with  a  13  to  20  MeV 
energy  and  a  400  mA  intensity  in  macropulses  of  5 
psec  duration  (ALEXIS).  An  experiment  has  been 
installed  to  study  OTR  in  this  energy  range  and  first 
results  are  interesting.  We  anticipate  a  useful 
application  of  these  techniques  to  the  high  energy  part 
of  the  future  AIRIX  Accelerator. 

VII  -  OUTLOOK 

These  diagnostics  appear  directly  connected  with 
the  development  of  the  AIRIX  program.  In  particular 


the  new  time-resolved  energy  spectrometer  and  the 
emittancemeter  described  above  are  intented  for 
measurements  of  the  beam  characteristics  of  the 
AIRIX  injector  (4  MeV-3.5  kA  -  60  nsec)  now  under 
construction  .  They  are  planed  for  the  optimization  of 
the  beam  in  the  PIVAIR  milestone  [5]  before  the 
completion  of  the  AIRIX  Accelerator. 
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H.  DESCRIPTION  OF  THE  BEAM 
INSTRUMENTS 


Abstract 

A  detailed  description  of  the  SSC  RFQ  beam  instrumenta¬ 
tion  is  presented.  Most  of  the  instrumentation  is  located  in  the 
RFQ  end  walls.  The  upstream  end  wall  contains  a  segmented 
Faraday  cup,  a  segmented  aperture  and  a  wire  scanner.  The 
down  stream  end  wall  contains  a  segmented  aperture  and  wire 
scanner.  Two  current  toroids  are  used  to  measure  the  transmis¬ 
sion  through  the  RFQ.  The  outfxit  of  the  RFQ  is  a  low  emit- 
tance,  pulsed  2.5  Mev  H*  beam  with  peak  current  of  25  mA  and 
maximum  pulse  length  of  35  |is.  Typical  beam  data  are  shown 
with  the  emphasis  being  on  instrumentation  performance. 

I.  INTRODUCTION 

The  RFQ  instrumentation  consist  of  two  current  toroids,  a 
segmented  Faraday  cup,  two  wire  scanners  and  two  segmented 
apertures.  All  of  the  instruments  except  the  current  toroids  are 
actuated  instruments  and  mounted  in  the  end  walls.  Of  the  two 
current  toroids  one  is  up  stream  and  one  is  down  stream  of  the 
RFQ.  The  toroids  have  been  electrically  matched  to  allow  for 
proper  transmission  measurements  during  commissioning.  The 
wire  scanners  are  placed  up  and  down  stream  of  the  RFQ  to 
measure  the  beam  profile  and  position  informatioa  Also  up 
stream  is  the  segmented  aperture  and  the  segmented  Faraday 
cup  which  will  define  a  maximum  beam  size  and  measure  the 
beam  position  and  current  respectively.  Down  stream  is  a  seg¬ 
mented  aperture  which  defines  the  beam  size  entering  the  Drift 
Tribe  Linac  (DTL)  matching  section.  Figure  1  shows  the  RFQ 
with  the  instrumentation  mounted. 


Figure  1.  RFQ  with  end  wall  actuator  mounted  instrumentation. 


'Operated  by  the  Univenity  Reeeerch  Aieociation,  Inc.,  for  the  U.S. 
Department  of  Energy  aider  contract  No.  DE-AC35-89ER40486 


The  entrance  end  wall  contains  the  segmented  aperture  and 
Faraday  cup  which  can  be  used  as  separate  instruments  or  as  a 
system  with  1  mm  spacing  between  them.  The  segmented  sec¬ 
tions  of  each  instrument  can  be  monitored  independently. 

Beam  positioning  is  accomplished  by  producing  equal  current 
on  all  four  segments.  By  placing  the  aperture  and  Faraday  cup 
in  the  beam  line  at  the  same  time,  beam  size  and  position  can 
be  obtained.  When  the  instruments  are  at  the  beam  line  center, 
the  operator  can  steer  the  beam  into  the  RFQ  by  monitoring  the 
current  on  the  individual  wedges.  Once  the  segments  have 
equal  current  values,  the  Faraday  cup  can  be  removed  to  allow 
for  beam  transmission  into  the  RFQ.  A  second  aperture  is  used 
in  the  exit  end  wall  of  the  RFQ  to  define  the  maximum  beam 
size  into  the  DTL  matching  section.  The  transmission  through 
die  RFQ  is  measured  by  two  matched  current  toroids.  A  195 
mm  OD  toroid  surrounds  the  ion  source  low  energy  beam 
transport  and  is  mounted  just  upstream  of  the  RFQ  entrance 
end  wall.  A  matched  toroid  is  mounted  in  a  temporary  diagnos¬ 
tic  chamber  at  the  exit  of  the  RFQ  When  the  two  current  toroid 
waveforms  are  superimposed,  the  ratio  is  the  total  current 
transmission  through  the  RFQ  as  a  function  of  time.  The  wire 
scanners  located  at  both  the  entrance  and  exit  end  walls  are 
designed  to  have  three  separate  wires  that  are  electrically  iso¬ 
lated  to  cover  X,Y,  and  45°.  The  profile  is  measured  by  step¬ 
ping  the  wire  through  the  beam  and  recording  the  current  on 
each  wire.  By  plotting  the  position  and  the  measured  current  at 
each  step  location,  the  profile  can  be  determined[l-2]. 

The  electronics  to  read  out  the  sensing  instrumentation  con¬ 
sists  of  a  preamplifier,  an  integrator,  and  a  waveform  digitizer 
which  all  reside  in  a  VME  crate.  The  Faraday  cup  and  aperture 
electronics  are  designed  to  measure  a  voltage  produced  by  the 
beam  current  flowing  through  the  preamplifier’s  input  imped¬ 
ance.  A  fixed  gain  stage  to  matches  the  frill  scale  input  to  the 
waveform  digitizer  when  a  beam  current  of  25  mA  is  being 
measured.  The  wire  scanner  electronics  measures  the  signal 
current  through  an  active  transimpedance-difference  circuit.  A 
VME  programmable  2  gain  selectable  second  stage  is  used  to 
match  the  full  scale  input  of  the  waveform  digitizer  based  on 
the  dynamic  range  requirements  of  the  beam  current.  The  cur¬ 
rent  toroid  preamplifier  measures  a  voltage  that  is  produced  by 
the  current  toroid  and  has  a  fixed  gain  based  on  the  selected 
transformer’s  sensitivity  (V/A).  The  circuit  also  produces  an 
integrated  output  which  can  be  digitized  with  an  ADC.  Figure 
2  shows  a  digitized  waveform  from  the  integrator  card  with  the 
integrated  signal  superimposed.  The  waveform  is  35  ps  long 
and  both  were  digitized  at  200ns  per  point. 
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Figure  2.  Digitized  35  ns  pulse  and  integrated  output. 


The  waveform  digitizer  has  a  analog  bandwidth  of  1 1  MHz 
and  a  sampling  rate  of  5  MHz.  The  VME  board  was  designed 
by  Mike  Shea  (FERMI  LAB)  and  Alan  Jones  (FERMI  LAB/ 
SSCL)  and  is  now  commercially  available  from  OMNIBYTE 
CORP,  VMIC,  and  JOERGER  ENTERPRISES  INC.  The  elec¬ 
tronic  specifications  for  each  analog  VME  board  are  shown  in 
table  1. 


Table  1 

RFQ  instrumentation  specifications 


VME  Board 

Bandwidth 

Input 

Channels 

Input 

Range 

Faraday  Cup 

DC-  10  MHz 

4 

5-  30  mA 

Wire  Scanner 

DC  - 10  MHz 

3 

.25  mA  -  5  mA 

Current  Toroid 

DC  - 10  MHz 

4 

0-  100  mA 

Digitizer 

SMHz 

4 

±1  V 

Figure  4  shows  a  single  channel  of  the  Faraday  cup  pream¬ 
plifier  card.  The  first  stage  is  a  buffered  difference  circuit.  The 
second  stage  is  a  gain  stage  with  a  low  pass  filter  of  3dB  @  10 
MHz  designed  to  produce  a  4  volt  output  into  50  ohms  with  a 
100  mA  input  current.  Figure  3  shows  a  functional  diagram  of 
the  Faraday  cup  circuit.  The  output  is  passed  to  the  integrator 
card  where  both  the  waveform  and  integrated  waveform  are 
then  digitized.  A  biasing  circuit  for  control  of  secondary  emis¬ 
sion  which  occurs  when  the  beam  interacts  with  the  intercept¬ 
ing  material  is  connected  to  the  input  of  the  amplifier. 
Secondary  emission  from  beam  intercepting  monitors  can  be 
difficult  to  understand  at  low  energies.  Problems  with  biasing 
of  instrumentation  at  35  keV  were  observed  at  the  LEBT  and 
have  disappeared  at  2.5  MeV.  A  more  detailed  discussion  of 
these  issues  can  be  found  in  ref  [3].  When  the  bias  supply  is 
connected,  the  circuit  no  longer  has  DC  response. 


Figure  3.  Faraday  cup  functional  circuit. 
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Figure  4.  Circuit  diagram  for  a  Faraday  cup  channel. 


The  wire  scanner  and  segmented  aperture  circuits  have  the 
functionality.  The  current  toroid  electronics  has  the  preampli¬ 
fier  and  integrator  circuit  on  the  same  board.  Figure  5  shows 
the  down  stream  segmented  aperture  head  without  the  actuator. 
The  intercepting  material  is  made  of  Graphite  and  is  insulated 
from  the  copper  housing  by  KAPTON  film. 


Figure  5.  Down  stream  segmented  aperture. 


Figure  6.  Three  channel  wire  scanner. 


Figure  6  shows  the  wire  scanner  head  without  the  actuator. 
The  wires  are  located  in  a  ceramic  block  and  held  in  place  by 
gold  plated  pins.  The  pins  have  a  jewelers  sapphire  in  the  tip 
which  locate  the  wire  in  the  housing.  The  wire  is  crimped  with 
50  grams  of  tension  and  the  signal  is  read  out  through  a  flex 
circuit  on  the  back  side  of  the  frame.  If  wire  heating  by  the 
beam  will  be  a  problem  at  this  energy  a  future  design  will  have 
a  spring  mechanism  for  maintaining  tension  on  the  wires. 

Figure  7  shows  a  typical  waveform  produced  by  the  test 
pulse  circuit  for  the  current  toroid  electronics.  Here  a  test  pulse 
is  injected  into  the  current  toroid  located  in  the  vacuum  cham¬ 
ber  and  the  induced  pulse  through  the  transformer  and  16 
meters  of  cable  is  digitized  and  displayed.  This  graph  shows 
the  rise  time  of  the  test  pulse  to  be  much  less  than  the  rise  time 
of  the  actual  beam  (see  figure  9)  and  therefor  the  electronics  is 
not  the  limiting  factor  in  this  measurement. 
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IE.  PERFORMANCE  WITH  BEAM 


IV.  CONCLUSION 


The  first  beam  through  the  RFQ  was  achieved  on  April  8, 
1993.  Examples  of  signals  from  the  entrance  and  exit  current 
toroids  of  the  RFQ  are  shown  in  figures  8  and  9.  The  entrance 
current  toroid  has  2  and  4  MHz  pickup  from  the  RF  volume 
source  which  is  located  0.5  meters  away.  The  coupling  mecha¬ 
nism  for  this  signal  is  unclear.  The  small  notch  at  15  ps  corre¬ 
sponds  to  the  start  of  plasma  formation,  at  this  point  the  RF 
noise  changes  from  2  to  4  MHz.  In  figure  9  the  average  input 
current  waveform  can  be  seen  after  software  filtering.  The  RFQ 
unfiltered  output  current  is  shown  for  comparison. 


Our  plan  is  to  continue  commissioning  the  RFQ  instrumen¬ 
tation  in  the  next  4  months.  We  have  to  bring  the  apertures, 
Faraday  cup  and  wire  scanners  on  line.  Damage  to  the  instru¬ 
mentation  at  the  output  of  the  RFQ  due  to  the  2.5  Mev  beam 
will  be  the  major  concern.  It  is  expected  at  maximum  current 
density,  that  the  wire  from  the  wire  scanner  will  not  survive  a 
single  beam  pulse.  Single  beam  pulse  damage  can  not  be  miti¬ 
gated  by  water  cooling.  At  2.5  Mev  the  beam  has  a  diameter  of 
about  a  millimeter  at  the  location  of  the  instruments  and  is 
absorbed  in  a  layer  approximately  50  pm  deep.  The  aperture 
has  an  opening  angle  designed  to  minimize  single  shot  damage 
by  maximizing  the  surface  area  hit  by  the  beam.  The  toroid  at 
the  present  time  is  closely  matched  to  the  input  toroid.  When 
the  matching  section  from  the  RFQ  to  the  DTL  is  installed  this 
toroid  will  be  replaced  with  a  small  toroid  mounted  on  an  actu- 
ator(see  Figure  10)  and  installed  in  the  RFQ  end  wall. 


Figure  10.  Current  toroid  head. 
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Abstract 

The  Superconducting  Super  Collider  Laboratory  and 
AlliedSignal  Aerospace  have  collaboratively  developed  a 
high  density  data  monitoring  system  for  'beam  diagnostic 
activities.  The  128  channel  data  system  is  based  on  a  custom 
multi-channel  high  speed  digitizer  card  for  the  VXI  bus. 
The  card  is  referred  to  as  a  Modular  Input  VXI  (MIX) 
digitizer.  Multiple  MIX  cards  are  used  in  the  complete 
system  to  achieve  the  necessary  high  channel  density 
requirements.  Each  MIX  digitizer  card  also  contains 
programmable  signal  conditioning,  and  enough  local 
memory  to  complete  an  entire  beam  scan  without  assistance 
from  the  host  processor. 

I.  BACKGROUND 

A  compact  128  channel  data  system  was  needed  for 
performing  beam  diagnostic  activities.  To  accurately  profile 
the  expected  beam  pulse,  the  128  channels  would  have  to  be 
sampled  simultaneously  every  50  nSec  for  a  period  of  up  to 
50  uSec.  There  was  not  anything  commercially  available 
that  could  perform  this  function  within  the  allocated  24" 
rack  space.  In  addition  to  the  high  number  of  channels  to  be 
digitized,  the  incoming  current  signals  had  to  be  converted 
to  a  voltage  and  amplified  to  the  proper  level  before  being 
recorded.  Manufacturing  costs  and  development  time  of  the 
system  were  also  considered  important  due  to  schedule  and 
cost  constraints.  The  time  allocated  for  development  and 
manufacture  of  the  first  board  was  targeted  at  16  weeks. 

II.  EARLY  DEVELOPMENT 

Preliminary  design  and  layout  activities  revealed  that 
eight  20  MHz  channels  of  data  per  VXI  board  was  the 
practical  limit.  Higher  levels  of  integration  could  yield 
slightly  higher  channel  counts,  but  the  increase  in 
development  time  and  cost  would  become  significant.  Even 
in  the  eight  channel  board  layout,  very  little  room  remained 
for  signal  conditioning.  At  this  point  we  decided  to  split  the 
board  functions  between  generic  digitizing  functions  and 
signal  conditioning  functions.  The  entire  main  board  or 
'motherboard'  would  contain  the  8-channel  digitizing 
functions  and  the  control  interface.  The  'daughterboards' 
were  then  assigned  the  exclusive  tasks  of  signal 
conditioning.  There  is  just  enough  room  inside  a  VXI 


module  to  allow  the  daughterboards  to  be  stacked  on  top  of 
motherboard. 


III.  MOTHERBOARD  DESIGN 

Digitizing 

The  motherboard  consists  of  eight  independent 
channels.  Each  channel  has  its  own  flash  converter  and 
256K  memory  (128K  samples).  The  flash  converters  are  10- 
bit,  20  MSPS  devices  that  were  selected  for  their  power- 
consumption,  performance  and  cost  parameters.  The 
memory  is  high-speed  CMOS  static  RAM  using  128K  x  8 
chips.  A  Programmable  Logic  Device  (PLD)  is  used  to 
control  data  acquisition,  triggering  and  timing  for  all  eight 
channels. 

Timing 

The  PLD  controls  the  timing  and  memory  usage  on  the 
board.  To  optimize  the  memory  for  performing  beam  scans, 
the  memory  is  divided  into  100  records  of  IK  each.  After 
the  board  is  armed,  each  trigger  pulse  initiates  a  1024  point 
digitized  record  covering  50  uSec.  After  the  record  is 
complete,  the  card  remains  armed  and  ready  for  the  next 
trigger.  After  trigger  pulse  number  100,  the  card  will 
automatically  disarm  and  ignore  further  trigger  pulses.  If 
fewer  than  100  pulses  are  desired,  a  starting  record  other 
than  zero  may  be  pre-loaded  into  the  current  record  counter. 
For  example,  loading  a  99  into  the  current  record  counter 
would  allow  only  one  record  to  be  taken  before  disarming. 

The  PLD  may  be  put  into  an  alternate  single  shot  trigger 
mode.  This  mode  effectively  makes  each  record  one  sample 
long.  Since  each  trigger  pulse  takes  only  one  reading 
(instead  of  1024),  then  102,400  individual  readings  can  be 
taken.  The  PLD  used  is  an  electrically  erasable  Altera  7032 
device  in  an  on  board  socket.  It  can  be  easily  removed  and 
reprogrammed  for  different  memory  or  timing 
configurations. 

Clock  and  Trigger  Modes 

To  give  the  board  maximum  flexibility  for  use  in 
multiple  board  systems,  several  clock  and  trigger  options  are 
available.  The  clock  may  be  jumper  selected  from  one  of 
three  sources;  1)  A  front  input  clock  connector,  2)  an  on 
board  20  MHz  crystal  oscillator,  or  3)  the  clock  may  be  taken 
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off  the  VXI  local  bus.  Option  3  is  provided  so  that  multiple 
cards  on  a  VXI  backplane  can  be  synchronized  with  the  first 
card  in  the  series. 

The  trigger  to  initiate  a  data  record  can  also  be  jumper 
selected  from  a  number  of  different  sources.  Again  the  VXI 
local  bus  or  VXI  trigger  bus  can  be  used  as  a  trigger  source. 

Daughterboard  Interface 

The  motherboard  also  provides  the  necessary  interface 
signals,  power,  and  connectors  to  the  daughterboards.  Each 
channel  on  the  daughterboard  is  individually  programmable. 
The  following  signals  are  provided  for  each  channel  on  the 
daughterboards  through  the  interface  connector, 

1.  +5,  -5,  +12,  -12,  GND  power. 

2.  Four  digital  control  lines. 

3.  One  12-bit  DAC  voltage  (-1  to  +1). 

4.  Differential  input  from  front  panel. 

5.  Differential  output  to  A/D  converters. 

6.  Differential  calibration  input  from  front 
panel. 

VXI  Interface 

The  simple  VXI  register  based  interface  is  used  for  all 
board  control  and  data  transfer  operations.  The  interface 
chip  and  design  were  purchased  from  Hewlett  Packard  as 
part  number  Z2492A.  The  data  from  the  eight  channel  local 
memory  bus  are  mapped  to  eight  registers  in  the  VXI  A 16 
address  space.  The  local  address  pointer  can  be  loaded  and 
incremented  through  a  control  register.  All  the  data  is  then 
read  across  the  VXI  bus  by  reading  all  eight  channels  and 
then  incrementing  the  local  address  pointer. 

The  register  based  interface  was  selected  over  a  message 
based  interface  because  of  the  higher  transfer  rate.  Further 
improvements  to  the  transfer  rate  could  occur  if  the  local 
memory  could  be  mapped  directly  into  the  VXI  A32  address 
space.  This  was  not  done  on  this  design  due  to  the  delivery 
time  and  development  cost  constraints. 

IV.  DAUGHTERBOARD  DESIGN 

Requirements 

The  eight  channel  motherboard  is  designed  to  accept 
four  daughterboards,  with  two  channels  on  each  board.  The 
function  of  the  daughterboard  is  to  convert  low  level  current 
signals  into  the  ±  .5  volt  signal  for  the  motherboard.  To 
cover  the  expected  range  of  values,  the  amplifier  supplies  a 
full  scale  output  (±  .3)  for  inputs  of  10  pAmps  to  10  mAmps. 
The  amplifier  also  needs  to  have  a  high  enough  frequency 
response  to  follow  an  input  rise-time  down  to  100  nSec. 
These  electrical  parameters  have  to  fit  within  the  size 
allowed  by  the  enclosure,  and  use  only  the  power  and  signals 
supplied  by  the  motherboard. 


Amplifier  Design 

In  order  to  maximize  the  resolution  of  the  10-bit  A/D 
converter,  the  amplifier  has  to  have  enough  ranges  to  keep 
the  maximum  signal  level  in  the  upper  part  of  the  A/D 
range.  The  higher  the  signal  can  be  to  full  scale,  the  greater 
the  resolution.  A  two  stage  amplifier  was  designed  to  handle 
these  requirements. 

Stage  one  of  the  amplifier  is  a  differential  current  to 
voltage  (I>V)  converter  that  covers  three  decades.  The  three 
ranges  of  one  decade  each,  are  achieved  by  switching 
different  scaling  resistors  into  the  feedback  of  the  1>V  stage. 
A  relay  is  also  included  on  the  daughterboard  so  that  a 
calibration  signal  can  be  routed  directly  to  each  amplifier. 
All  the  relays  are  controlled  by  the  four  digital  control  bits 
provided  for  each  channel. 

The  second  stage  of  the  amplifier  contains  a  voltage 
programmable  amplifier.  The  gain  can  be  varied  from  1  to 
10  using  the  ±  1.0  volt  DAC  voltage  from  the  motherboard. 
This  effectively  yields  a  continuously  variable  I>V  converter 
over  the  entire  three  decade  range.  This  does  not  occur 
without  some  sacrifices. 

The  second  stage  does  not  have  a  consistent  voltage  vs 
gain  curve  from  channel  to  channel.  This  requires  that  each 
channel  have  some  calibration  factors  that  are  determined 
during  calibration.  In  addition  to  the  gain  variations,  there 
is  a  large  offset  at  the  amplifier  output.  The  offset  is 
consistent  at  a  particular  gain  setting,  but  varies  as  the  gain 
is  changed.  The  good  thing  is  that  both  of  these  undesirable 
characteristics  are  repeatable.  To  handle  this  in  our 
checkout  software,  we  selected  nine  discreet  gain  settings  for 
the  second  stage.  For  each  gain,  the  DAC  value  for  the 
proper  gain  and  an  OFFSET  value  are  stored.  These  are 
determined  through  application  of  a  DC  calibration  signal 
and  stored  on  a  disk  file.  During  data  collection,  when  a 
gain  range  is  selected,  the  exact  DAC  value  for  that  channel 
and  gain  is  written  to  the  motherboard  DAC  for  that 
channel.  When  the  data  is  read  in,  the  OFFSET  value  is 
added  to  the  data  so  that  it  is  corrected.  This  was  all 
performed  within  some  low  level  device  drivers  written  in  C. 
Once  the  driver  routines  were  completed,  this  manipulation 
became  invisible  to  the  application  program.  By  using  a 
programmable  voltage  source,  software  was  written  that 
determined  the  two  calibration  factors  for  each  of  25 
selected  gain  settings.  Because  of  the  calibration  relays  on 
the  daughterboard,  the  calibration  process  is  completely 
automated  and  takes  about  one  minute  for  an  8-channel 
system. 
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V.  SUMMARY 

The  motherboard  serves  as  a  general  purpose  eight 
channel  20  MSPS  digitizer.  By  adding  a  different 
daughterboard  design,  an  entirely  different  set  of  inputs  can 
be  digitized.  The  daughterboard  is  easily  changeable  and 
can  be  as  simple  as  a  jumper  wire,  if  the  input  signal  is 
already  in  the  ±  .5  volt  range. 


The  daughterboard  is  a  continuously  variable  gain  I>V 
converter  that  can  supply  a  full  scale  input  to  the 
motherboard  for  any  current  input  from  10  |iAmp  to  10 
mAmp. 

Multiple  8-channel  MIX  digitizer  modules  can  provide 
up  to  96  channels  of  20  MSPS  current  monitoring  in  a  single 
VXI  rack.  Using  two  VXI  racks,  the  128  channel  beam 
monitoring  system  was  accomplished  with  eight  empty  VXI 
slots  available  for  additional  instrumentation. 


1Operated  for  the  U.S.  Department  of  Energy  under  Contract  Number  DE-AC04-76-DP00613. 

2Operated  by  the  University  Research  Association,  Inc.  for  the  U.S.  Department  of  Energy,  under  contract  No  DE-AC35- 
89ER40486. 
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Abstract  H.  COMMISSIONING  PLAN 


Commissioning  diagnostics  are  described  in  terms  of 
the  beam  physics  requirements  of  the  SSCL  linac. 
Commissioning  diagnostics  include  current  monitors,  beam 
position  monitors,  spectrometer,  foil  scattering  experiment, 
wire  scanners,  Faraday  cups,  and  bunch  shape  monitors.  Two 
DOE  integrated  contractors,  the  Superconducting  Super 
Collider  Laboratory  and  Allied  Signal,  Kansas  City  Plant,  are 
developing  the  commissioning  diagnostics.  The  need  to 
measure  bright,  short  linac  beam  pulses  requires  special  design 
considerations.  High  density  harps  and  collectors  with  up  to 
50  wires  per  cm  and  128  wires  total,  and  fast,  3.5-MHz 
amplifiers  have  been  developed.  The  diagnostics  will  be  first 
used  and  tested  during  beam  commissioning  of  the  RFQ. 

I.  INTRODUCTION 

The  Superconducting  Super  Collider  Laboratory 
(SSCL)  is  currently  costructing  and  commissioning  a 
600  MeV  linac  to  serve  as  the  injector  into  a  series  of 
synchrotron  accelerators  [1].  The  final  structure  will  be  a  pair 
of  53  mile  circumference  synchrotrons  providing  colliding 
proton-proton  beams,  each  at  20  TeV. 

The  linac  [2]  consists  of  an  ion  source,  three  distinct 
accelerator  structures,  and  matching  sections  to  transport  the 
beam  between  structures.  The  rf  accelerating  structures  are  a 
Radio  Frequency  Quadrupole  (RFQ),  four  Drift  Tube  Linac 
(DTL)  tanks,  and  nine  Coupled-Cavity  Linac  (CCL)  modules, 
each  with  eight  tanks.  The  general  beam  parameters  are  shown 
in  Table  1.  It  is  important  to  note  the  peak  current,  emittance 
requirements,  and  short  pulse  length  of  the  linac  beam.  These 
characteristics,  along  with  the  high  reliability  requirement, 
provide  the  unique  characteristics  for  the  SSCL  linac  which 
drive  the  commissioning  and  development  program. 


Table  1 

SSCL  Linac 

Description 

Length 

143  m 

Output  Energy 

600  MeV 

Output  Current 

25  mA  peak 

Pulse  Rate 

10  pulses  per  second 

Pulse  Length 

2  to  35  psec 

Transverse  Emittance 

<0.3  71  mm-mrad,rms,  norm. 

Longitudinal  Emittance 

<7.0  10*7  eV-sec 

Frequency 

427.617  MHz 

*  Operated  by  the  URA  for  the  USDOE,  under  contract 
No.  DE-AC35-89ER40486. 


The  SSCL  linac  is  to  be  commissioned  in  stages  [3].  The 
current  plans  calls  for  installation  and  commissioning  in  a 
serial  approach  for  each  of  the  following  sections:  a)  Ion 
Source,  b)  RFQ,  c)  DTL  Input  Matching  Section  (IMS), 
d)  DTL  tank  1,  e)  DTL  tank  2,  f)  DTL  tank  3,  g)  DTL  tank 
4  and  CCL  Input  Matching  Section  (IMS),  h)  CCL  module 
1,  and  i)  CCL  modules  2-9  and  the  transfer  line  to  the  LEB. 
Currently,  the  H"  Ion  Source  and  the  RFQ  are  being  operated 
at  the  Central  Facility  laboratory  building  near  Waxahachie. 
The  linac  tunnel  is  near  completion  and  the  first  DTL  tank  is 
scheduled  for  delivery  in  January. 

m.  COMMISSIONING  DIAGNOSTICS 

Commissioning  diagnostics  for  the  SSCL  linac 
consists  of  a  suite  of  instruments  on  a  diagnostic  cart  which 
will  be  placed  at  the  end  of  each  section  as  it  is  being 
commissioned,  and  the  standard  set  of  operational  diagnostics 
which  are  located  between  rf  tanks  and  in  matching 
sections  [4,  5].  In  addition  there  are  stand  alone  diagnostics 
such  as  the  spectrometer  and  x-ray  detector. 

Table  2  describes  the  diagnostic  cart  instrumentation. 
The  primary  function  of  each  type  of  instrument  is  indicated. 
Some  diagnostics  could  measure  other  variables.  For  example, 
a  Slit  and  Collector  Emittance  Measurement  Unit  could 
measure  total  current  if  calibrated  absolutely,  but  the  SSCL 
emittance  unit  measures  relative  current  only.  A  description  of 
some  of  the  devices  and  the  design  considerations  for  the 
SSCL  commissioning  diagnostics  follows. 

Slit-and-Collector  Emittance  Measurement  Unit  -  The  system 
measures  the  phase  space  distribution  of  the  beam  in  the  x-x’ 
plane  and  the  y-y'  plane.  A  graphite  slit  measures  the  position 
of  the  beam,  and  a  multi-wire  collector  measures  the  angular 
distribution.  The  collector  is  a  sandwich  design  of  copper  and 
mica  after  a  design  used  at  LAMPF.  The  collector  has  128 
“wires”  spanning  24.7  mm  (0.13  mm  wire  width  +  0.07  mm 
mica  width). 

Each  channel  of  the  128  wires  goes  to  a  separate 
amplifier-ADC-memory  array.  The  amplifier  is  bipolar  and 
deferential  with  continuous  gain  ranges  from  10  mA  to 
10  pA  full  scale.  The  amplifier  has  a  10-MHz  bandwidth  at 
the  lowest  gain  and  approximately  a  1-MHz  bandwidth  at  the 
highest  gain.  The  ADC  digitizes  at  up  to  20  MHz.  Each  time 
the  board  is  triggered,  1000  data  points  are  digitized  during  the 
beam  pulse  and  stored  in  memory.  Memory  for  each  channel 
can  hold  up  to  100  sets  of  data.  The  board  was  designed  and 
built  by  a  joint  effort  between  SSCL  and  Allied  Signal, 
Kansas  City  [6]. 
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The  required  dynamic  gain  range  is  determined  by  the 
following  method.  Consider  a  transverse  phase  space 
distribution  in  the  x-x'  plane  given  by 

,  /  -(yx1+'laxx'+Px’1)l2erms 

p(*.*  )=r— : — e  v  "  .  [U 

2nerms 

where  I  is  the  total  beam  current, 

a,  p,  and  yare  the  standard  Twiss  parameters, 

£rms  is  the  unnormalized  rms  emittance, 
x  is  the  position  coordinate,  and  x'  is  the  angle  coordinate. 
The  signal  on  any  wire,  Is(xo,x'o)  is  given  in  terms  of  the 
position  of  the  slit,  xo  ,  the  angular  position  of  the  wire,  x'o, 
the  slit  width.  Ax,  the  angular  wire  width  Ax',  and  the 
secondary  electron  emission  coefficient,  Cs,  as 

/,(„.*) -  .[!, 

^■nErms 

The  peak  signal  is  given  for 
xq  =  0,  and  *6  -  0.  by 

.  Cc/)3ryrArAjc' 

Is  (0.0)  =  - •  PI 

ZJIEn,rms 

where  pr  and  yr  are  the  standard  relativistic  notation, 
en  rms  is  the  normalized  rms  emittance. 

Table  2 

Commissioning  Diagnostics  and  Primary  Function 


DEVICE 


Current  Monitor  Toroid 


Faraday  Cup 


Segmented  Faraday  Cup 


Segmented  Aperture 


Beam  Position  Monitor 


Wire  Scanner 


Slit-Collector  Emittance 


Spectrometer 


Absorber-Collector 


Bunch  Shape  Monitor 


Elastic  Scattering 


X-ray  Detector 


BBI 


T’fcle  3  gives  an  estimate  of  some  of  the  peak  wire  currents 
expected  for  the  SSCL  linac.  Table  3  indicates  that  the  highest 
•Jain  needed  is  10  pA.  The  lowest  gain  needed  is  when  the 
collector  is  run  in  the  beam  with  no  slit  in  front  of  it. 

Table  3 

Peak  Signal  Level  On  Collector  Wires  At  Different 
Locations  Along  Linac  As  Indicated  By  Energy. 

Slit  Is  In  Beam. 

Is(0,0)  -  maximum  expected  collector  wire  signal 
T  -  kinetic  energy 

Cs  -  estimated  secondary  emission  coefficient 


1=  25  mA 

en,rms=0-2  mm  mrad 

Ax=0.1  mm 

ls(0,0) 

T 

PrYr 

Ax’ 

(mA) 

(MeV) 

(mrad) 

0.015 

0.03 

0.0086 

0.85 

0.32 

2.5 

0.073 

0.44 

0.0078 

70 

0.39 

0.10 

0.0054 

600 

1.3 

0.042 

The  maximum  signal  current  is  then 

I 141 

-y  2xpenrms 
where  Aw  is  the  wire  width. 

Table  4  shows  the  expected  peak  wire  current  for  various 
locations  along  the  linac. 

The  wire  spacing,  number  of  wires,  and  separation 
between  the  slit  and  collector  are  another  important  design 
parameter.  The  maximum  and  minimum  angular  spread  of  the 
beam  (full  width)  can  be  estimated  as 

Table  4 

Peak  Signal  Level  On  Collector  Wires  At  Different 
Locations  Along  Linac  As  Indicated  By  Energy. 

Slit  Is  Not  In  Beam. 

Is(0,0)  -  maximum  expected  collector  wire  signal 
T  -  kinetic  energy 

Cs-  estimated  secondary  emission  coefficient 
I  =  25  mA  En.rms^-^  mm  mrad 
Aw=0. 1 27  mm 


ls(0) 

T 

PrYr 

P 

Cs 

(mA) 

(MeV) 

(mm/mrad) 

1.8 

0.03 

0.0086 

0.02 

1 

8.6 

2.5 

0.073 

0.2 

5 

0.13 

70 

0.39 

2.0 

0.1 

0.06 

600 

1.3 

6.5 

0.05 

Table  5 

Estimated  Minimum  And  Maximum  Full  Widths  and 
Number  of  Wires  Needed 


W'min 

W’max 

n 

xmin 

xmax  f)ryr 

(mrad) 

(mrad) 

(mm) 

(mm) 

LEBT 

4.6 

31. 

34 

1.5 

10.  0.0086 

DTL  IMS 

0.68 

11. 

78 

0.5 

8.  0.073 

CCL  IMS 

0.10 

2.0 

100 

0.5 

10.  0.39 

TRSPT 

0.031 

0.62 

103 

0.5 

10.  1.3 

If  one  wishes  to  obtain  at  least  5  data  points  across  the 
minimum  angular  space,  than  the  space  between  wires  is 
needed  is  w'  =  WjJ^n/5.  The  number  of  wires  needed  to  span 
the  maximum  angle  space  is 

'>  =  ^ax/H'/  =  5W^ax/Wfnin  [61 

Based  on  equation  6,  table  5  shows  the  minimum  number  of 
wires,  n,  needed  at  various  locations  along  the  linac.  To  make 
a  general  wire  collector  for  all  regions  and  assuming  a  20% 
safety  factor,  the  collectors  need  approximately  120  wires. 
This  is  close  to  the  "computer"  number  128,  which  we  chose 
for  the  design. 

The  maximum  physical  size  of  the  collector  should  be 
no  larger  than  twice  the  beam  pipe  diameter  for  the  case  where 
the  collector  moves  with  the  slit,  and  the  physical  wire 
spacing  is  limited  by  engineering  considerations.  For  the 
SSCL  linac  commissioning,  copper  with  a  0.127  mm  width 
and  mica  with  an  approximate  0.066  mm  width  (including 
packing  factor)  where  used  to  make  the  collector.  Given  the 
separation,  L,  between  the  slit  and  collector  imposed  by  the 
linac  lattice,  a  0.193  mm  separation  between  wires,  and  a  24.7 
mm  overall  collector  width  then  the  actual  values  for  W'min 
and  W’max  are  shown  in  table  6.  These  values  compare 
favorably  with  the  requirements  shown  in  table  5. 


Table  6 


Actual  Values  For  W'max 

and  W'min 

L 

W'min 

W'max 

n 

(mm) 

(mrad) 

(mrad) 

LEBT 

150 

1.3 

165 

128 

DTL  IMS 

300 

0.64 

82 

128 

CCL  IMS 

8800 

0.022 

2.8 

128 

TRSPT 

30000 

0.006 

0.82 

128 

Harp  -  Harps  are  multi-wire  devices  much  like  collectors,  but 
with  high  transmission.  Harps  are  better  at  high  energies  than 
the  collectors  described  because  harps  produce  less  ionizing 
radiation.  They  can  be  used  as  collectors  for  high  energy 
emittance  scans  as  well  as  fast,  accurate  position  measuring 
devices.  Harps  take  a  full  profile  in  one  pulse  and  at  low 
energies  they  can  be  used  with  a  collector  downstream  to 
accurately  measure  the  beam  position  at  two  points  along  the 
beam  line.  SSCL  is  working  with  Allied-Signal  to  produce 
high  density  harps  on  ceramic  boards.  The  harps  will  have  1 28 
wires  over  approximately  48.8  mm  with  0.033  mm  thick 
wires.  The  harps  use  the  same  amplifiers  as  the  Emittance 
Measurement  Unit.  Details  of  the  SSCL  harp  are  describe 
elsewhere  at  this  conference  [7]. 

Wire  Scanner  -  Standard  wire  scanners  are  being  developed  for 
commissioning  of  the  SSCL  linac.  In  the  commissioning 


diagnostics,  three  wire  scanners  will  be  separated  by  some  drift 
at  the  end  of  the  diagnostic  cart.  Each  wire  scanner  will  have 
three  wires  to  reconstruct  the  RMS  emittance  of  the  beam. 
For  more  details  see  [7],  [8],  and  [9]. 

Bunch  Shape  Monitor  -  An  important  new  diagnostic  for  linac 
commissioning  and  operation  is  the  bunch  shape  monitor. 
The  version  for  the  SSCL  will  have  better  than  6  psec 
resolution.  The  results  for  the  first  version  developed  by  the 
Institute  of  Nuclear  Research  are  presented  at  this  conference 
[10]. 

Absorber-Collector  -  The  absorber-collector  pair  is  used  to 
measure  the  beam  current  above  some  energy  level  as  an 
upsiream  rf  module  is  being  scanned.  The  design  of  the 
absorber  is  such  that  it  will  stop  the  unaccelerated  beam, 
while  the  beam  captured  in  the  acceptance  fish  will  pass 
through  the  absorber  to  the  collector.  Table  7  shows  the  basic 
design  for  the  absorbers.  Calculations  were  done,  including  the 
effects  of  straggling  [11],  to  show  the  relation  of  the  absorber- 
collector  phase  scan  measurement  data  and  the  phase  and 
amplitude  of  the  rf  cavity.  This  method  will  be  used  to 
determine  the  course  adjustment  of  the  rf  cavity. 


Table  7 

Design  Thickness  of  Absorber 
Design  Output  Absorber  Thickness  of  Cu 
Energy  (MeV)  range  (MeV)  Absorber  (mm) 


Tank  1 

13.4 

12 

0.332 

Tank  2 

32.9 

28 

1.427 

Tank  3 

51.6 

46 

3.396 

Tank  4 

70.3 

64 

6.056 
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Beam  Diagnostic  Layout  Requirements  for  SSCL  Linac* 

J.  W.  Hurd,  F.  W.  Guy,  G.  Jamieson,  D.  Raparia,  K.  Saadatmand 
Superconducting  Super  Collider  Laboratory 
2550  Beckley  'ade  Avenue,  Dallas,  TX  75237 

Abstract  n.  DIAGNOSTIC  LAYOUT 


A  basic  set  of  diagnostics  is  needed  to  commission, 
tune,  and  monitor  the  operation  of  the  SSCL  linac.  This  set 
of  diagnostics  has  been  refined  in  the  final  stages  of  design  of 
the  linac.  Planned  diagnostics  include  current  monitors, 
Faraday  cups,  beam  loss  monitors,  beam  position  monitors, 
wire  scanners,  absorber-collector  phase  scan  units,  slit  and 
collector  emittance  measurement  units,  and  longitudinal  bunch 
shape  monitors.  The  diagnostics  are  described  and  their 
placement  along  the  linac  is  given.  The  use  of  the  diagnostics 
for  tuning  the  linac  is  described.  The  first  set  of  diagnostics 
will  be  installed  with  the  RFQ,  with  additional  diagnostics 
installed  with  each  linac  section. 

I.  INTRODUCTION 

The  Superconducting  Super  Collider  Laboratory  (SSCL) 
accelerator  complex  [1]  is  currently  under  construction  in 
North-Central  Texas,  near  Dallas.  In  the  first  stage  an  H"  beam 
is  accelerated  to  600-MeV  by  a  conventional  linac  [2],  The 
beam  is  then  accelerated  by  a  series  of  synchrotrons  to  form 
two  counter  circulating  20-TeV  proton  beams  that  collide  at 
defined  intersection  regions.  The  colliding  beams  produce  high 
energy  physics  events  that  act  as  probes  for  observing  the 
interaction  of  the  fundamental  particles  in  nature.  The  linac 
consists  of  an  ion  source,  three  distinct  accelerator  structures, 
and  matching  sections  to  transport  the  beam  between 
structures. 

An  important  aspect  of  the  SSCL  linac  is  the  required 
brightness  of  the  beam  and  subsequent  requirement  for  low 
emittance.  The  design  of  the  linac  has  been  driven  by  the  need 
to  limit  the  emittance  growth.  Therefore,  the  periodic  lattice 
structure  and  phase  advance  is  held  constant  as  much  as 
possible  through  the  linac.  In  addition,  the  beam  is  accelerated 
as  quickly  as  possible  to  limit  effective  emittance  growth  at 
low  energies  due  to  space  charge.  The  result  is  a  linac  with 
very  short  matching  sections.  Short  matching  sections  are 
very  good  for  limiting  emittance  growth,  but  they  do  not 
leave  much  room  for  diagnostics.  It  is  difficult  to  characterize 
the  beam  without  sufficient  diagnostics,  and  without  a  well 
characterized  beam,  the  matching  section  lenses  cannot  be 
adjusted  properly  to  match  the  beam  into  the  next  section  of 
linac.  The  resulting  mismatch  leads  to  an  effective  emittance 
growth  due  to  non-linear  fields  and  transverse-longitudinal 
coupling.  To  correct  this  problem,  great  effort  has  been 
expended  to  justify  and  develop  diagnostics  which  will  fit  in 
the  limited  matching  section  region  and  between  accelerator 
tanks,  and  to  include  space  where  future  diagnostics  will  be 
located  when  the  need  arises. 


*  Operated  by  the  University  Research  Association, 
Inc.  for  the  U.S.  Department  of  Energy,  under  contract  No. 
DE-AC35-89ER40486. 


The  diagnostics  for  the  SSCL  linac  are  specified  in 
table  1 .  They  consist  of  the  standard  linac  diagnostics.  A  brief 
description  follows. 


Table  1 

List  of  SSCL  Linac  Diagnostics 

Location 

Low  Energy  Beam  Transport 


DTL  Input  Matching  Section 

DTL  Inter-Tank  Spaces 
(per  space) 

CCL  Input  Matching  Section 

CCL  Inter-Tank  Spaces 
(per  module  of  8  tanks) 

Transport  Line 

Transfer  Line 


Diagnostic 
1  Segmented  Faraday  Cup 
1  Segmented  Aperture 
1  Current  Monitor  Toroid 
1  Wire  Scanner 
1  Segmented  Faraday  Cup 
1  Segmented  Aperture 
1  Current  Monitor  Toroid 
1  Wire  Scanner 
1  Slit  &  Collector  EMU 
1  Bunch  Shape  Monitor 
3  Beam  Position  Monitors 
1  Current  Monitor  Toroid 

1  Wire  Scanner 

2  Beam  Position  Monitors 

1  Absorber-Collector 

2  Current  Monitor  Toroids 

3  Wire  Scanners 

3  Beam  Position  Monitors 
1  Slit  &  Collector  EMU 
1  Bunch  Shape  Monitor 
1  Absorber-Collector 
1  Current  Monitor  Toroid 

1  Wire  Scanner 

2  Beam  Position  Monitors 
8  Beam  Diagnostics  Boxes 

3  Current  Monitor  Toroids 

8  Wire  Scanners 

6  Beam  Position  Monitors 
1  Bunch  Shape  Monitor 

9  Current  Monitor  Toroids 

10  Wire  Scanners 

10  Beam  Position  Monitors 


A.  Slit  and  Collector  Emittance  Measurement  Unit 


The  linac  slit  and  collector  Emittance  Measurement 
Unit  measures  the  phase  space  distribution  of  the  beam  in 
either  the  horizontal  or  vertical  plane  of  the  beam.  The  slit 
measures  the  position  of  some  fraction  of  the  beam  and  the 
collector  measures  the  angular  distribution  of  beam  for  that 
particular  position.  By  stepping  the  slit  and  collector  across 
the  beam,  the  distribution  in  positii  m-angle  space  is  measured. 
The  first  and  second  moments  of  the  distribution  give  the 
centroids,  Twiss  parameters,  and  emittance  of  the  beam  in  the 
plane  of  ineasurement. 
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B.  Wire  Scanner 

Wire  Scanners  measure  beam  intensity  in  the  horizontal 
or  vertical  plane  as  a  function  of  position.  The  measurement 
lacks  the  angular  information  the  slit  and  collector  Emittance 
Measurement  Unit  provides,  but  wire  scanners  are  less 
complicated,  less  expensive,  and  do  not  have  to  completely 
stop  the  beam,  so  they  are  more  useful  at  high  energies.  Three 
wire  scanner  measurements  can  be  used  in  series  to  reconstruct 
the  RMS  Twiss  parameters  and  emittance  of  the  beam.  Wire 
scanners  can  also  be  used  to  measure  x-y  correlations. 

C.  Beam  Position  Monitor 

Beam  Position  Monitors  measure  the  centroid  of  the 
beam.  They  are  non-intercepting,  so  they  do  not  interfere  with 
the  beam.  Transverse  and  longitudinal  centroid  measurements 
can  be  made  with  Beam  Position  Monitors.  The  beam 
position  monitors  will  be  used  to  steer  the  beam,  to  tune  the 
rf  using  the  At  method  [3]  or  the  least  squares  method  [4],  and 
they  will  be  used  as  an  on-line  measure  to  monitor  the  beam 
during  operation. 

D.  Current  Monitor  Toroid 

Current  Monitor  toroids  are  also  non-intercepting 
diagnostics  which  measure  the  total  current  passing  through 
them.  They  are  used  to  measure  transmission  and  monitor  the 
beam  during  operation.  Current  monitors  with  high  frequency 
response  can  be  used  to  monitor  the  turn-on  transient  of  the 
beam.  The  signal  can  be  fed  forward  to  the  rf  drive  loops  to 
provide  additional  power  for  the  beam  in  the  rf  accelerator 
loops. 

£.  Faraday  Cup 

Faraday  cups  also  give  total  beam  current,  and  they 
fully  intercept  the  beam,  thus  they  can  be  used  as  beam  stops. 
Care  must  be  take  to  make  the  beam  stops  thick  enough  to 
stop  all  the  beam,  provide  enough  cooling  to  dissipate  the 
average  beam  power,  and  select  proper  materials  and  shape  to 
handle  the  instantaneous  heat  deposited  in  each  micro-pulse. 

F.  Absorber-Collector 

Absorber-Collectors  are  used  to  measure  the 
longitudinal  characteristics  of  the  beam.  The  absorber  is  made 
to  stop  all  beam  below  design  energy,  and  the  collector 
measures  the  beam  current  that  passes  through  the  absorber.  In 
this  way  the  accelerated  and  unaccelerated  parts  of  the  beam 
can  be  separated.  The  acceptance  of  the  upstream  rf  cavity  can 
be  scanned  in  phase  across  the  beam,  and  the  beam  captured  in 
the  acceptance  Fish  is  measured  as  a  function  of  phase.  The 
width  and  relative  phase  of  the  acceptance  fish  is  measured  and 
some  information  concerning  the  phase  width  of  the  beam  can 
be  gained  by  differentiating  the  signal. 

G.  Bunch  Shape  Monitor 

A  new  device  being  developed  at  the  SSCL  and  other 
laboratories  is  the  Bunch  Shape  Monitor  [5].  The  Bunch 


Shape  Monitor  is  analogous  to  a  longitudinal  wire  scanner.  It 
can  measure  the  longitudinal  profile  of  the  beam.  A  more 
complete  review  is  given  elsewhere  at  this  conference  [6J. 

ID.  FUNCTION 

The  primary  functions  of  the  SSCL  linac  diagnostics 
are  to  tune  and  monitor  the  beam  for  delivery  to  the  Low 
Energy  Booster  and  the  Proton  Therapy  Facility.  Initially,  the 
diagnostics  will  be  used  to  commission  the  linac  and  carry  out 
linac  development  necessary  to  meet  full  design  specifications. 

The  SSCL  linac  has  a  short  beam  pulse,  from  2  psec 
to  35  psec  with  an  expected  rise  time  of  up  to  100  nsec.  The 
beam  tune  is  space-charge  dependent,  especially  at  the  lower 
energies.  It  is  therefore  necessary  to  know  the  current  and 
longitudinal  characteristics  as  a  function  of  time.  Examples  of 
time  dependent  beam  characteristics  are  given  in  references  [7] 
and  [8].  Averaging  over  any  beam  time  dependence  would 
smear  out  the  measured  emittance.  The  apparent  increase  in 
beam  size  would  cause  errors  in  the  estimates  of  space  charge 
forces.  The  reduced  tune  shift  would  result  in  errors  in  the 
machine  simulations.  Specifications  for  most  diagnostics  call 
for  a  frequency  response  capable  of  observing  100  nsec  rise 
times  on  the  beam  signals,  zero  to  full  scale. 

A.  Transmission 

One  of  the  most  fundamental  characteristics  of  the  linac 
beam  is  the  transmission.  The  SSCL  linac  is  designed  to 
deliver  25  mA  peak  beam  with  a  30  mA  input  beam.  The 
RFQ  should  have  a  capture  of  80%  to  100%.  Losses  along  the 
rest  of  the  linac  should  be  less  than  a  few  percent.  Current 
Monitor  Toroids  along  the  beam  line  will  be  used  to  monitor 
beam  transmission.  During  development,  they  will  be  used  to 
map  out  the  physical  aperture  of  the  linac.  Transmission 
contours  as  a  function  of  steering  and  transverse  match  will  be 
generated  using  the  toroids.  Faraday  cups  are  used  to  stop  the 
beams  at  low  energies.  The  ion  source  can  be  run  and  its 
current  monitored  while  downstream  linac  elements  are  off. 

B.  Transverse  Tune 

To  limit  emittance  growth  it  is  important  to  keep  the 
beam  as  small  and  uniform  in  size  as  possible  as  it  traverses 
the  linac.  This  is  done  by  designing  the  linac  as  a  periodic 
strong  focusing  lattice  and  matching  the  beam  into  the 
periodic  structure.  One  method  of  measuring  the  transverse 
phase  space  distribution  of  the  beam  is  to  use  the  slit-and- 
collector  Emittance  Measurement  Unit.  The  unit  measures  the 
Twiss  parameters  and  the  emittance  of  the  beam.  The 
emittance  growth  is  monitored  as  a  function  of  some  other 
machine  parameter  to  investigate  and  optimize  the  tune  space 
of  the  linac.  The  measured  beam  parameters  are  used  as  inputs 
to  tuning  algorithms  that  adjust  quadrupoles  and  match  the 
beam.  The  slit-and-collector  do  not  give  the  x-y  correlation  of 
the  beam.  The  emittance  measurement  unit  also  gives  centroid 
and  relative  intensity  information.  Patterns  in  the  phase  space 
distribution  can  be  recognized  to  help  give  indications  of 
higher  order  aberrations,  space  charge  effects,  and  aperture 
restrictions. 

Wire  scanners  are  used  to  measure  the  width  of  the 
beam.  There  is  no  angular  information  as  with  the  slit  and 
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collector.  By  measuring  the  width  for  three  different  upstream 
lens  settings  or  at  three  different  positions  along  the  beam 
line,  one  can  solve  for  the  RMS  phase  space  parameters  of  the 
beam  as  long  as  the  linear  problem  is  non-singular.  For  larger 
numbers  of  measurements,  least  squares  techniques  can  be 
utilized.  Wire  scanners  are  more  practical  at  higher  energies 
than  slit-and-collector  emittance  measurement  units.  Wire 
scanners  do  not  have  to  stop  the  beam.  At  higher  energies,  the 
slit  produces  ionizing  radiation  that  creates  noise  on  the 
downstream  collector.  The  drawback  to  wire  scanners  is  that 
they  integrate  over  the  angle  dimension  of  phase  space  and  the 
details  of  the  angular  distribution  cannot  easily  be  recovered 
except  in  an  RMS  sense.  At  low  energies,  wire  scanners  can 
also  be  used  were  there  is  not  sufficient  drift  to  use  the  slit  and 
collector.  At  the  SSCL,  a  three  wire  scanner  is  being 
developed,  one  wire  in  x,  one  in  y,  and  a  third  wire  at 
45  degrees.  The  third  wire  will  be  used  to  help  measure 
possible  x-y  correlation  introduced  by  the  Helical  Electrostatic 
Quadrupole[9]  or  rotated  quadruples. 

Beam  position  monitors  are  the  third  transverse 
measurement  diagnostic.  These  are  non-intercepting  devices 
which  makes  them  the  best  candidates  for  on-line  beam 
monitoring.  Measurement  capabilities  are  practically  limited 
to  centroid  measurements  only  and  they  are  usually  less 
accurate  than  wire  scanner  measurements.  Because  they  do  not 
have  to  be  stepped  across  the  beam,  beam  position  monitors 
can  give  results  on  a  much  faster  "real  time"  basis  as  the 
steering  is  being  adjusted.  Beam  position  monitors  can  also  be 
used  to  give  intensity  data.  When  used  at  a  high  dispersion 
point,  the  position  of  the  beam  is  coupled  to  the  momentum, 
and  thus  the  beam  position  monitors  can  be  used  to  monitor 
the  beam  energy. 

C.  Longitudinal  Tune 

The  Bunch  Shape  Monitor  in  longitudinal  space  is 
analogous  to  the  wire  scanner  in  transverse  space.  It  measures 
the  intensity  as  a  function  of  phase  (proportional  to  time) 
along  the  longitudinal  dimension  of  the  micro-bunches.  By 
measuring  for  three  or  more  different  points  in  longitudinal 
space,  one  can  reconstruct  the  longitudinal  RMS  phase  space 
for  the  beam.  The  longitudinal  emittance  can  be  measured  and 
the  beam  matched  longitudinally  in  this  manner.  The  phase  of 
the  upstream  rf  cavity  can  be  scanned  and  the  bunch  shape 
measured  as  a  function  of  cavity  phase.  The  result  gives  an 
estimate  of  the  bucket  width  from  which  the  cavity  amplitude 
and  phase  can  be  inferred. 

Another  method  of  measuring  the  bucket  width  is  by 
using  an  absorber-collector.  By  differentiating  the  resulting 
signal  an  estimate  of  the  bunch  width  can  be  made,  but  this 
method  is  not  as  accurate  or  as  direct  as  the  bunch  shape 
measurement.  The  absorber-collector  phase  scan  method, 
along  with  beam  loading  measurements,  is  used  to  make  the 
course  adjustments  to  the  rf  phase  and  amplitudes. 

The  beam  position  monitors  at  SSCL  will  be  used  to 
measure  the  longitudinal  as  well  as  transverse  center  of  the 
beam.  In  transverse  phase  space  the  beam  position  monitor 
signal  is  proportional  to  the  transverse  centroid  of  the  beam. 
In  longitudinal  phase  space  the  phase  is  that  of  the  428-MHz 
Fourier  component  of  the  beam  [10].  Once  the  rf  cavity  is  set 
approximately  with  absorber-collector  phase  scans  or  beam 
loading  scans,  the  classical  At  and  least  squares  phase  scan 


techniques  [11]  will  be  used  to  tune  the  rf  cavities  using  the 
phase  information. 

IV.  CONCLUSION 

The  SSCL  linac  will  have  the  full  suite  of  diagnostics 
used  at  other  comparable  linear  accelerators  such  as  the 
Moscow  Meson  Factory  and  the  Los  Alamos  Meson  Physics 
Facility.  To  successfully  control  the  emittance  growth  in  the 
SSCL  linac,  it  is  necessary  to  have  a  full  set  of  diagnostics  to 
perform  measurements  outlined.  Some  restrictions  such  as 
permanent  magnet  quadruples  eliminate  the  use  of  certain 
diagnostic  techniques  such  as  “quad  unrolls.”  To  limit 
emittance  growth,  transport  sections  have  been  made  as  short 
as  possible,  eliminating  space  for  diagnostics.  To  work  in  this 
new  and  restricted  environment,  not  only  must  standard 
diagnostics  be  made  more  compact,  but  new  diagnostics 
requiring  less  longitudinal  space  may  need  to  be  developed 
[12].  The  short  pulse  lengths  at  SSCL  force  the  requirement 
for  diagnostic  bandwidths  on  the  order  of  3.5  MHz  to  observe 
the  time  dependent  behavior  of  the  beam. 
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Abstract 


A  portable  diagnostic  system  is  under  development  and 
construction  for  use  in  commissioning  the  SSCL  LINAC. 
This  system  is  being  used  during  the  construction  of  the 
LINAC,  and  will  be  used  to  commission  each  section  of  the 
accelerator  as  assembled.  The  diagnostic  system  consists  of 
a  portable  ultra  high  vacuum  system,  high  speed  actuators, 
high  density  (128  channel)  diagnostic  heads,  x-ray  detectors, 
and  high  density  VXI  128  channel  amplifier  arrays.  Various 
innovative  designs  will  be  described.  These  designs  led  to 
high  density  wire  spacing,  high  frequency,  wide  bandwidth, 
low  cost  amplifiers,  and  compact  systems.  State  of  the  art 
manufacturing  techniques  were  employed  as  a  result  of  the 
joint  interaction  between  the  SSCL  and  Allied-Signal. 

Introduction 

The  SSCL  LINAC  diagnostic  cart  is  an  experimental  station 
that  is  designed  as  a  flexible  platform  on  which  an 
experimenter  will  configure  various  components  to  perform 
experiments.  One  such  experiment  was  for  the  Bunch  Shape 
Monitor  for  the  SSCL  LINAC  [1], 

The  over  all  system  consists  of  a  portable  platform,  high 
vacuum  chamber  and  vacuum  system,  precision  actuators, 
diagnostic  heads,  electronic  packages,  and  support  systems. 

The  system  is  designed  to  allow  high  speed  measurements  of 
the  H~  beam  in  order  to  minimize  the  effects  of  radiation 
production  due  to  the  interaction  of  the  beam  and  diagnostic 
heads,  and  to  measure  pulse  to  pulse  instability  of  the  beam. 

System  Components 
The  Cart 

The  portable  platform  is  a  wheel  mounted  aluminum  test 
stand  with  locking  feet.  The  platform  is  1  meter  wide,  2 
meter  long,  and  1  meter  tall,  with  3  individual  equipment 
bays.  Two  of  the  equipment  bays  are  configured  to  accept 
standard  19  inch  rack  mounted  packages  on  both  sides, 
while  the  third  contains  the  high  vacuum  pump,  vacuum 
pump  controller,  vacuum  gauges,  air  and  water  meters  and 
controls.  While  the  present  system  contains  a  500  liter  per 
second  vacuum  pump,  the  cart  will  accept  vacuum  pumps 
that  exceed  2000  liter  per  second.  The  diagnostic  chamber 
is  constructed  from  10  inch  diameter  knife  edge  flanges  with 

♦Operated  by  the  University  Research  Associates  for  the 
United  States  Department  of  Energy  under  contract  No. 
DE-AC35-89ER40486. 

*  Operated  by  Allied-Signal  Aerospace  Co.  Kansas  City 
Division  for  the  United  States  Department  of  Energy 
under  prime  contract  No  DE-AC04-76-DP006 1 3 


8  inch  diameter  tubing  and  4  'A  inch  diameter  knife  edge 
flanges  with  2  lA  inch  diameter  tubing.  The  chamber  is 
mounted  over  the  first  bay  of  the  diagnostic  cart.  Mounting 
of  a  viewing  port  or  diagnostic  is  possible  on  any  of  the  10 
inch  flanges  perpendicular  to  the  beam  and  all  of  the  4  'A 
inch  flanges.  See  figure  1. 


Figure  1. 

The  SSCL  LINAC  diagnostic  cart  connected  to  the  exit  end 
of  the  RFQ. 

Actuator 

Several  of  the  diagnostics  used  with  the  commissioning  cart 
during  commissioning  of  the  Linac  are  actuator  mounted. 
One  of  the  actuators  used  is  configured  to  position  a 
diagnostic  head,  such  as  a  slit,  collector,  wire  scanner,  or 
harp.  These  actuators  have  a  foot  print  of  80  mm  by  130 
mm  and  allow  diagnostic  heads  with  more  than  128  signal 
wires  and  liquid  cooling  lines  mounted  on  2  1/8  inch  knife 
edge  flange  to  be  positioned  into  the  beam.  The  actuator 
will  position  a  diagnostic  head  to  each  data  position  within 
50  milliseconds.  An  example  of  one  of  the  actuators  used  on 
the  diagnostic  cart  was  constructed  by  a  team  of  engineers 
from  the  SSC  and  Allied-Signal’s  Kansas  City  Plant. 
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Figure  2. 

Diagnostic  Can  Actuator  with  a  128  element  collector 
attached. 

Diagnostic  Heads 
Slit  and  Collector 

Utilizing  the  interchangeable  diagnostic  head  feature  of  the 
actuator,  a  set  of  diagnostic  heads  has  been  designed  and 
constructed.  These  diagnostic  heads  include  a  slit  and 
collector,  wire  scanner,  and  harp.  Each  element  of  the  slit 
can  be  electrically  isolated  from  each  other  and  biased 
separately  all  electrical  connection  can  be  made  outside  the 
vacuum  system.  The  collector's  design  allows  for  the  128 
electrically  isolated  copper  elements  to  thermally  connect  to 
the  collector's  copper  frame.  Each  collector  element  is  50 
mm  wide,  0.1  mm  thick  and  20  mm  deep.  Electrical 
isolation  is  achieved  by  utilizing  0.1  mm  thick  natural  mica 
or  mica  paper.  See  figure  3. 


Figure  3 

The  collector  contains  128  copper  elements  that  are  ,1mm 
thick  with  .09  mm  thick  natural  mica  or  mica  paper. 


Wire  Scanner  and  Harp 

With  the  need  for  higher  resolution  in  profile  measurements 
for  the  SSCL  LINAC,  [3]  the  concept  of  utilizing  hybrid 
microcircuit  (HMC)  technology  was  chosen  in  the  design  of 
the  diagnostic  cart's  wire  scanner  and  harp.  See  figure  4. 
Using  this  process  for  the  design  and  construction  of  a  wire 
scanner,  a  harp  with  128  individual  33  pm  diameter  carbon 
wires  with  calibration  resistors  is  under  construction  with 
the  Department  of  Energy's  manufacturing  center  in  Kansas 


Figure  4. 


Diagnostic  Cart  Wire  Scanner  fabricatied  using  HMC 
technology  with  wird  bonding. 

High  Density  VXI  Amplifier  Array 

In  order  to  integrate  a  diagnostic  head  with  128  wires  an 
amplifier  array  was  needed.  The  solution  selected  was  an 
eight  channel  20  million  samples  per  second  (MSPS). 
Using  this  approach,  an  entire  128  channel  amplifier  array 
was  constructed  into  a  VME  Extenuation  for 
Instrumentation  (VXI)  system.  See  figure  5 


Figure  5 

The  Modular  Input  VXI  digitizer  contains  8  bipolar 
channels. 
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Conclusion 


This  amplifier  circuit  is  designed  to  accept  a  bipolar 
differential  current  signal  from  10  /iA  to  10  mA.  For 
maximum  flexibility  the  circuitry  for  this  module  is  divided 
into  two  separate  functions;  the  mother  board  and  daughter 
board.  See  figure  6  and  7 .  The  mother  board  contains  all  of 
the  digital  signal  function  including  the  buffer  circuitry  to 
the  VXI  interface,  memory,  10  bit  analog  to  digital 
converters  and  the  interfaces  to  the  daughter  boards,  while, 
the  daughter  board  contains  all  analog  signal  conditioning 
and  amplifying  the  current  signal  for  a  wide  variety  of 
diagnostic  heads 


Figure  6 

The  MIX  mother  board  can  accept  four  daughter  boards. 


We  are  using  some  of  the  diagnostic  tools  on  the 
commissioning  cart,  developed  at  the  SSCL  and  other 
laboratories  for  the  LINAC  and  the  SSCL.  Early  results  of 
the  LINAC  commissioning  were  aided  as  a  result  of  this 
needed  platform  and  many  improvements  to  the  LINAC 
diagnostics  will  be  facilitated  with  this  flexible  research 
tool. 
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Figure  7. 

Each  daughter  board  contains  circuitry  for  two  differential 
channels  of  ±  10  *tA  to  10  mA 
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I.  INTRODUCTION 

A  generic  method  of  Low  Energy  Beam  Transport  (LEBT) 
automatic  tuning  is  under  development  that  can  be  applied 
toward  any  pulsed  beam  accelerator  using  a  radio  frequency 
quadrupole  (RFQ)  with  an  adjustable  solenoid-type  LEBT.  The 
purpose  of  this  control  scheme  is  to  self-optimize  the  beam 
transport  through  the  RFQ  for  any  operating  condition  of  the 
accelerator.  This  system  is  useful  for  an  accelerator  that  operates 
over  a  range  of  currents.  For  a  constant  current  machine,  the 
system  is  useful  to  dynamically  correct  any  drifts  with  time.  This 
system  is  being  developed  on  a  beamline  that  uses  a  dual  solenoid 
LEBT;  however,  the  same  system  can  also  beusedonabeamline 
with  a  single  solenoid.  This  paper  describes  the  mechanical  and 
electrical  design  of  the  system  and  the  algorithms  used  for  the 
tuneup. 

II.  SYSTEM  DESCRIPTION 

The  beamline  diagnostics  arrangement  and  controls  are 
shown  in  Figure  1.  The  harps  used  for  a  pre-optimization  algo¬ 
rithm  are  located  between  the  two  solenoids.  For  a  single  sole¬ 
noid  system,  the  harps  should  be  located  upstream  and  down¬ 
stream  of  the  solenoid. 

The  two  sets  of  pin  probes  located  near  the  RFQ  input 
aperture  are  made  from  60  mil  tungsten  wire.  Wire  was  used 
instead  of  flat  scraper  blades  because  of  the  required  uniformity 
between  probes  needed  to  obtain  accurate  signals.  In  addition, 
the  tips  of  the  pin  probes  were  ground  for  uniform  shape.  A 
current  measuring  toroid  is  positioned  between  the  pin  probe 
arrays  for  measurement  of  the  RFQ  input  beam  (Ref  1).  Figure 
2  is  a  photograph  showing  this  diagnostic  arrangement.  The  pin 
probes  nearest  the  RFQ  are  located  so  that  when  the  beam  is 
properly  matched,  they  would  barely  see  the  edge  of  the  beam 
halo.  A  protective  cover  is  provided  over  the  front  of  the  first  pin 
probe  array  to  shield  the  delicate  signal  wire  connections. 

The  electronics  signal  conditioning  for  both  the  harps  and 
the  pin  probes  are  very  similar.  Shown  in  Figure  3 ,  each  harp  wire 
or  pin  probe  is  connected  to  a  current-to- voltage  converter  stage. 
Additional  stages  provide  voltage  gain  and  filtering  functions. 
The  signals  are  stored  in  the  sample-and-hold  amplifiers  until 
they  can  be  read  by  the  channel  multiplexer  into  the  analog-to- 
digital  converter.  The  digitized  signals  are  then  processed  by  the 
computer  as  part  of  the  analysis,  control,  and  display  system. 


♦This  work  was  conducted  under  Grumman  IR&D  project 
7256-2709. 
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Figure  1.  Schematic  of  LEBT  diagnostics. 
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Figure  2.  i*in  probe  array  at  RFQ  entrance. 
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Current-to-  Sample  Analog- to- 

Vdtage  and-Hoid  Digital 

Converter  Amplifier  Converter 


•  One  Channel  Shown 

•  Harp  -  100  Channels  (Two  Pins  of  25  Wire  X-Y  Harps) 

•  Pin  Probes  -  16  Channels  (Two  6-Channel  Sets) 

MR93- 1223-0038 

Figure  3.  Harps  and  pin  probes  block  diagram. 

IH.  OPERATION 

A  logic  flow  chart  of  the  control  system  operation  is  shown 
in  Figure  4.  The  LEBT  optimization  algorithm  consists  of  the 
following  four  states: 

•  StateO-Manualmode,LEBT  optimization  on/off  control 

•  State  1  -  Pre -optimization,  harp  signal  interface 

•  State  2  -  Focus  and  steering,  pin  probe  signal  interface 

•  State  3  -  Fine  steering,  toroid  signal  interface. 

A.  Pre-Optimization  (State  1) 

The  pre-optimization  step  uses  the  harps  to  set  up  the  initial 
beam  focus  from  the  first  solenoid  and  to  perform  any  gross 
steering  that  may  be  required.  Thi:',  is  accomplished  by  analyzing 
the  X  and  Y  profiles  and  positions  from  the  harp  data  as  displayed 
in  Figure  5.  In  the  case  of  a  two  solenoid  system  as  presently  used, 
the  current  of  the  first  solenoid  is  ramped  until  the  total  beam 
width  of  the  downstream  SY*.am,  as  seen  by  harp  two,  is  essentially 
the  same  as  the  beam  width  defined  by  harp  one.  This  produces 
a  parallel  beam  between  the  two  solenoids.  A  similar  condition 
can  be  set  up  with  a  single  solenoid  as  well.  It  can  be  seen  from 
Figure  5  that  the  downstream  beam  profile  is  not  as  peaked  as  the 
upstream  profile.  This  is  a  normal  condition  for  a  low  energy 
transported  beam  and  is  of  no  consequence  since  the  control 
algorithm  only  uses  the  total  beam  width  at  this  point.  The  control 
sequence  now  examines  the  crude  centroid  position  of  the  beam 
in  the  second  harp  and  makes  any  minor  steering  adjustments  that 
are  necessary  to  position  the  beam  approximately  on  downstream 
center.  This  starting  condition  is  necessary  to  be  able  to  achieve 
a  useful  signal  on  the  pin  probes.  If  the  beam  is  too  big  and 
unfocused  at  the  RFQ  entrance,  the  signals  on  the  pin  probes  will 
be  very  low  and  essentially  the  same  on  each  probe  wire. 

B.  Focus  and  Steering  (State  2) 

For  all  of  the  following  steps,  the  set  point  of  the  first 
solenoid  is  kept  constant  at  the  value  previously  defined.  For  a 
single  solenoid  system,  the  solenoid  current  will  not  be  permitted 
to  drop  below  the  value  previously  defined.  At  this  point,  the 
current  of  solenoid  two  is  ramped,  while  the  signals  on  the  first  pin 
probe  array  are  monitored  for  beam  size,  as  shown  in  Figure  6. 
The  intent  is  to  make  the  beam  disappear  from  the  pin  signals.  A 
mild  amount  of  steering  correction  is  also  applied  to  maintain  the 
beam  on  center,  as  indicated  by  the  magnitude  of  the  relative  pin 
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Figure  4.  Control  system  logic  flow  chart. 
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Figure  5.  Harps  for  parallel  beam  pre-optimization. 

signals.  These  loops  are  nested  so  that  a  flip-flop  between  them 
is  continually  in  process.  This  is  due  to  the  rotational  effects  of 
a  solenoid  system.  Once  the  signals  on  the  first  pin  probe  drop 
below  a  set  threshold,  the  second  and  more  fine  pin  probe  array 
is  used  to  continue  the  above  process.  This  is  done  until  all  the 
pin  probe  signals  go  essentially  to  zero,  plus  or  minus  a  set 
tolerance  band.  The  tolerance  band  must  be  established  on  the 
actual  bcamline  installation  by  experimentation,  since  it  may  be 
sensitive  to  factors  such  as  installation  tolerances,  HMI  of  the 
installed  system,  etc. 

C.  Fine  Steering  (Stale  3) 

At  this  point,  the  pin  probes  and  harps  have  been  used  to  the 
best  of  their  potential,  yet  the  optimum  beam  transport  through 
the  RFQ  may  still  not  have  been  obtained.  A  very  line  raster 
algorithm  is  now  employed  to  literally  hunt  and  peck  the  beam 
steering  in  a  random  pattern  while  observing  the  RFQ  transmis¬ 
sion  by  means  of  the  upstream  and  downstream  current  toroids. 
A  series  of  limits  in  each  direction  are  attempted  ;utd  stored  in  a 
dynamic  data  file  which  is  used  to  peak  the  transmission  value. 
This  is  all  done  for  constant  RFQ  field  amplitude,  which  is  the 
extent  of  the  LEBT  control  logic.  If  the  radio  frequency  (RF) 
field  or  the  beam  current  are  changed  in  any  significant  way,  (he 
control  logic  is  such  that  a  series  of  checks  for  all  of  the 
previously  described  sequences  and  conditions  is  initiated  once 
again. 

IV.  CONCLUSIONS 

The  diagnostics  described  have  been  implemented  and  tested 
at  Grumman  on  the  front  end  of  a  pulsed  beamline.  So  far,  using 
the  man  in  the  loop  to  carry  out  the  control  logic  flow,  LEBT 
tuneup  has  been  successful.  We  are  now  coding  the  steps  for  fund 
implementation  and  qualification.  This  approach  of  automating 
the  man  in  the  loop  has  been  used  in  the  past  on  our  ion  source 
control  system  to  provide  a  reliable  automatic  optimization 
technique  (Ref  2).  Future  work  will  include  automation  of  the 
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Figure  6.  Beam  configurations. 

RF'  amplitude  and  phase  of  the  various  accelerating  structures 
downstream  of  the  RFQ. 
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Abstract 

We  propose  to  use  the  curved  transport  line  into  Hall  C  to 
measure  the  beam  energy.  With  only  dipoles  powered,  this 
transport  arc  has  a  dispersion  of  12  cm/%.  We  propose  to 
insert  pairs  of  wire  scanners  at  the  entrance  and  exit  of  the 
arc  to  measure  beam  position  and  direction.  These  mea¬ 
surements,  together  with  a  calibrated  dipole  field,  obtain 
an  absolute  beam  energy  measurement  with  ~  10"*  ac¬ 
curacy,  according  to  error  analyses.  In  operational  mode, 
arc  quads  and  sextupoles  are  powered  to  obtain  a  second 
order  achromat  with  a  dispersion  of  2.1  cm/%  at  the  are 
center.  A  wire  scanner  at  the  arc  center  then  obtains  a 
relative  energy  measurement  of  ~  10~4  accuracy. 

I.  Introduction 

The  Hall  C  beam  line  is  sketched  in  Figure  1.  The  arc 
section  of  this  beam  line  consists  of  8  dipoles,  12  quads,  8 
sextupoles,  and  8  beam  correctors  (4  vertical  and  4  hori- 
sontal).  These  dipoles  bend  the  beam  by  a  total  of  34.3°, 
and  the  full  41.6  m  long  arc  transport  is  designed  to  form  a 
second-order  achromat.  We  now  describe  the  beam  energy 
measurement  method  which  uses  that  arc  as  proposed  in 
reft.  [1],  [2],  and  [3].  For  the  absolute  energy  measure¬ 
ment  only  the  dipoles  are  switched  on  (quads,  sextupoles 
and  correctors  are  off).  The  current  in  the  calibrated  bend¬ 
ing  magnets,  which  are  serially  connected,  is  varied  to  set 
the  beam  position  to  be  along  the  center  of  the  dipoles. 
The  position  and  direction  of  the  beam  entering  the  arc 
section  are  measured  by  a  pair  of  high  resolution  harps 
(wire  scanners).  The  position  and  direction  of  the  beam 
at  the  exit  of  the  arc  are  determined  by  another  pair  of 
calibrated  harps.  From  the  initial  position  and  direction 
measurements,  the  final  position  measurement,  and  the 
calibrated  dipole  field,  the  beam  momentum  can  be  deter¬ 
mined.  Thus  the  method  requires  accurate  position  mea¬ 
surements  at  the  harps  and  an  accurate  determination  of 

'This  work  was  supported  by  the  U.S.  Department  of  Energy, 
under  contract  No.  DE-AC06-S4ER40150. 


the  magnetic  field  integral  /  Bdl  as  a  function  of  the  cur¬ 
rent  Jin  the  arc  dipoles.  Accurate  position  measurements 
depend  on  the  alignment  accuracy,  which  can  be  reduced 
to  errors  on  the  order  of  100  pm.  Accurate  field  determi¬ 
nation  will  require  a  new  calibrating  set  of  careful  absolute 
field  measurements  on  two  (or  a  few)  reference  dipoles.  In 
the  following  sections  we  will  discuss  the  error  analyses  of 
these  measurements.  After  setting  an  absolute  energy  scale 
with  the  dipoles,  the  quadrupoles  and  sextupoles  are  then 
energised  to  the  values  required  for  achromatic  transport, 
and  the  correctors  will  be  used  to  center  the  beam.  The 
magnets  are  then  fixed  in  strengths.  Variations  in  beam 
energy  can  then  be  measured  as  variations  in  beam  posi¬ 
tion  at  the  midpoint,  which  has  a  dispersion  of  2.1  cm/%. 
Thus,  in  this  mode,  measurable  position  shifts  of  100  pm 
corresponding  to  relative  energy  shifts  of  0.5  x  10"4.  As 
this  relative  measurement  is  not  dependent  on  calibration 
errors,  relative  energy  measurements  will  be  substantially 
more  accurate  than  the  absolute  determination. 

II.  Operational  Principles  and 
Optical  Characteristics  of 
the  Arc  Spectrometer 

An  initial  beam  position  and  direction  Ax  and  Ax'  are 
measured  by  the  initial  pair  of  harps  with  respect  to  their 
surveyed  centerlines.  The  arc  magnetic  field  is  calibrated 
to  bend  a  beam  of  a  central  energy  Po  t he  reference  angle  of 
34.3s  from  harp  center  to  harp  center.  The  beam  position 
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Figure  2:  Beam  envelope  along  Hall  C  beam  line 


Ifeble  1:  The  major  first  order  matrix  elements  of  an  N- 
dipole  systems 


N 

*(°) 

Sise  (cm) 

Rn 

D  =  R\o  (m) 

1 

4.2875 

0.022 

0.9064 

2.0234 

-0.1422 

2 

8.5750 

0.033 

1.1015 

3.0322 

-0.6734 

3 

12.863 

0.045 

1.2965 

4.0410 

-1.5938 

4 

17.150 

0.060 

1.4916 

5.0498 

-2.9032 

5 

21.438 

0.078 

1.6866 

6.0586 

-4.6017 

6 

25.725 

0.099 

1.8817 

7.0675 

-6.6894 

7 

30.013 

0.124 

2.0767 

8.0763 

-9.1608 

8 

34.300 

0.152 

2.2718 

9.0851 

-12.032 

X finai  at  the  final  harp  then  obtains  a  measured  energy 
offset  of: 

A P  =  ~~(X finai  -  A*  -  A X'L)  (1) 

where  L  is  the  arc  length  (41.6  m)  and  q  is  the  dispersion 
at  the  exit  of  the  arc  (-  12.03  m).  The  errors  in  the  various 
measured  quantities,  calibrations,  and  surveying  will  de¬ 
termine  the  actual  energy  measurement  error;  these  error 
sources  are  discussed  in  the  next  section.  In  normal  (achro¬ 
matic)  operation  the  beam  remains  tightly  confined.  The 
design  beam  envelope  along  the  Hall  C  beam  line  is  shown 
in  Figure  2.  The  initial  conditions  are  beam  widths  of 
Sx  =  Sy  =  0.01  cm,  6x'  =  tfy7  =  0.01  mrad.  The  solid  line 
describes  the  beam  envelope  sises  in  the  normal  transport 
conditions.  In  absolute  energy  measurement  mode,  the  arc 
quads  sure  off.  The  beam  therefore  is  enlarged'  through  the 
arc,  as  shown  in  the  dashed  lines  in  Figure  2,  in  which  all 
downstream  quads  are  also  switched  off.  Table  1  shows 
beam  transport  elements  through  the  8-dipole  arc.  Note 
that  the  dispersion  D  increases  as  AT3,  where  N is  the  dipole 
location  number.  Maximum  dispersive  effect  is  therefore 
found  by  using  the  entire  arc. 


III.  Error  Analysis 

The  proposed  measurement  method  is  planned  to  obtain 
absolute  energy  measurements  at  the  6E/E  as  10~*  level. 
Analyses  to  support  an  estimate  of  errors  at  this  level  are 
required.  An  initial  error  analysis  was  obtained  by  [3]  and 
the  same  methods  were  also  used  to  study  variations  and 
changes  in  the  proposed  energy  measurement  configura¬ 
tion.  In  this  section  we  describe  the  error  analysis  meth¬ 
ods,  including  estimates  of  the  expected  error  sources,  and 
report  results  of  the  analyses.  The  various  error  sources 
and  their  estimated  contributions  include: 

A.  Initial  harp  location  and  direction 

Surveying  errors  at  each  location  should  be  on  the  order 
of  100  pm.  However,  with  an  entrance  harps  separation  of 
lm,  this  implies  an  initial  direction  error  of  100  /xrad.  This 
100  /trad  error  translates  into  a  0.5  cm  position  change  at 
the  end  of  the  arc,  where  the  dispersion  is  about  12  m. 
Thus  this  error  alone  would  give  6p/p  =  0.4  x  10~3;  it 
is  the  largest  estimated  source  in  the  error  analysis  [3]. 
Subsequent  to  that  study,  it  was  decided  to  increase  the 
initial  harp  separation  to  2.5  m.  That  reduces  the  initial 
direction  error  to  40  prod  and  the  subsequent  contribution 
to  6p/p  is  2  x  10~4. 

B.  Final  harp  location 

In  the  error  analysis,  it  was  assumed  that  a  random  20  /xrad 
missteering  occurs  every  10.4  m  (an  assumed  intermediate 
monument  location),  and  this  accumulates  to  obtain  a  dis¬ 
location  at  the  end  of  the  41.6  m  arc.  This  corresponds 
to  a  mislocation  of  200  pm  at  every  arc  cell.  It  somewhat 
overshoots  the  estimate  of  an  rms  total  error  of  200  pm  dis¬ 
placement  at  the  end  of  the  arc,  after  smoothing.  The  total 
effect  on  the  beam  is  an  rms  error  of  6p/p  =  0.05  x  10~4. 

C.  Location,  orientation  errors,  and  variations  in 
dipole  integrated  fields 

Placement  errors  are  assumed  to  be  on  the  level  of  1  mm; 
they  have  little  effect.  A  1  mrad  roll  error  is  also  included; 
it  changes  vertical  positions  but  does  not  greatly  change 
horisontal  (energy  measurement  plane)  locations.  A  ran¬ 
dom  dipole-to-dipole  bend  variation  of  2.5  xl0~4  rms  was 
also  assumed.  This  adds  a  rms  energy  error  of  slightly 
more  than  10~4. 

D.  Quad  and  steering  magnet  effects 

In  the  absolute  energy  measurement  mode,  the  quads  and 
steerers  are  assumed  to  be  off.  Remanent  fields  could  add 
some  bending  and  therefore  some  error  to  the  energy  mea¬ 
surement.  In  the  initial  analysis,  these  are  assumed  to  be 
negligibly  small  (contributing  errors  less  than  10" 4  of  the 
dipole  bends),  and  are  not  explicitly  included.  In  recent 
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Table  2:  Enor  analysis  from  DIMAD  simulation 


N 

L  =  1  m 
SE/E 

L  =  2.5  m 
6E/E 

1 

4.0  x  10"8 

2.3  x  10"8 

2 

2.1  x  10"8 

1.0  x  lO"8 

4 

1.14  x  10"8 

0.44  x  10"8 

8 

0.50  x  10"8 

0.23  x  10"8 

experimental  tests,  the  lemanent  field  contribution  to  the 
/  Bdl  was  found  to  be  less  than  5  x  10~s. 

E.  Beam  size  effects 

It  was  assumed  that  the  beam  site  at  the  entrance  to  the 
arc  was  less  than  100  /* m  by  10  /trad.  The  beam  sise  would 
then  be  less  than  1.5  mm  at  the  end  of  the  arc,  and  would 
add  a  width  of  10'4  to  the  final  harp  position  uncertainty. 

F.  Field  normalization  error 

An  important  error  which  was  not  explicitly  included  in 
simulations  [3]  is  the  error  in  mean  magnetic  field  (as  a 
function  of  current)  in  the  dipoles.  This  absolute  normal¬ 
isation  will  have  to  be  obtained  by  a  new  set  of  careful 
absolute  measurements  on  two  or  a  few  sample  dipoles. 
Current  measurements  are  absolute  at  only  the  0.01  level. 
We  assume  this  absolute  calibration  can  be  done  to  better 
than  the  5x  10-4  level  and  expected  a  2.5  x  10-4  error  level. 
The  various  error  sources  were  combined  with  random  er¬ 
ror  generation  using  the  transport  program  DIMAD,  an 
established,  debugged  transport  code  which  is  also  the  ba¬ 
sic  tool  used  in  the  CEBAF  transport  design.  However, 
it  is  not  optimised  for  error  analysis  and  it  has  the  dis¬ 
advantage  that  every  evaluation  requires  a  separate  run, 
and  therefore  it  cannot  be  used  to  develop  large-statistics 
random  variation  studies.  In  the  analysis  [3],  10  random 
error  seeds  were  run  and  obtaine  error  estimates  of  3  x  10~4 
to  6xl0~4.  The  analysis  indicates  that  an  absolute  beam 
energy  measurement  at  the  1.0  to  1.5  xlO-8  level  is  ob¬ 
tainable  with  high  confidence. 

IV.  Options  for  the  Arc 
Spectrometer 

Some  variations  on  the  measurement  technique  were  ex¬ 
plored.  Variation  of  the  placement  of  the  final  harp  was 
considered.  The  34.3°  arc  has  8  dipoles,  and  the  final  harp 
could  be  located  after  any  one  of  these.  Error  analyses 
for  1,  2,  4,  and  8  -dipole  configurations  were  simulated  us¬ 
ing  the  same  methods,  and  the  results  are  summarised  in 
Table  2. 


Now  a  shorter  configuration  would  permit  more  accurate 
alignment.  However  the  dominant  error  is  the  initial  mis- 
steering  and  the  resulting  displacement  increases  linearly 
with  Nd  ,  the  number  of  dipoles.  The  energy-dependent 
displacement  is  proportional  to  the  dispersion  D,  which 
increases  as  Nl,  so  the  energy  error  6E/E  decreases  as 
1  /Nd-  Accumulation  of  random  errors  also  decreases  as 
1/y/No  •  Thus,  the  longer  arc  is  favored.  The  error  analysis 
actually  uses  only  three  harps.  The  proposed  configuration 
includes  three  pairs  of  harps:  pairs  at  the  beginning,  cen¬ 
ter,  and  end  of  the  arc.  The  harps  at  the  center  provide  an 
energy  measurement  with  the  transport  quads  on  and  the 
arc  tuned  to  the  achromatic  mode  (360°  phase  advance), 
when  the  dispersion  has  a  2  m  maximum  at  the  center. 
This  measurement  will  be  calibrated  by  the  proposed  ab¬ 
solute  energy  measurement.  The  center  harps  will  also 
provide  an  additional  Nd=  4  measurement  in  the  absolute 
energy  calibration,  which  will  be  an  important  consistency 
check.  The  final  harp  pair  will  also  provide  an  indepen¬ 
dent  evaluation  of  beam  direction,  and  can  be  used  as  a 
consistency  check  and  to  reduce  steering  error  effects  by 
y/2.  The  proposed  method  will  also  be  capable  of  obtain¬ 
ing  relative  energy  measurements  with  great  accuracy.  In 
that  mode  the  field  normalisation  error  is  inapplicable  and 
missteering  effects  are  reduced  (by  the  strong  focusing  and 
180°  entrance  to  arc  center  phase  advance).  The  dominant 
error  should  be  harp  misalignment  and  measurement  un¬ 
certainties.  The  sum  of  those  errors  should  be  less  than 
Sx  ~  0.2  mm.  The  resulting  error  in  6E/E  (relative)  will 
be  on  the  level  of  6z/D  ~  10-4. 

V.  Summary 

The  results  of  the  simulations  and  analyses  discussed  above 
indicate  that  it  is  possible  to  make  an  absolute  beam  en¬ 
ergy  measurement  to  an  accuracy  of  about  10-8.  The 
hardware  components  and  the  optical  tuning  of  arc  are 
unchanged  from  the  original  beam  line  design.  As  the  pre¬ 
cision  beam  position  probe,  the  upgraded  CEBAF  ’’Su¬ 
perharp”,  is  developed  and  tested,  a  special  alignment 
technique  for  the  superharps  must  be  carefully  considered 
and  implemented.  Also  at  least  two  of  the  production  arc 
dipole  magnets  must  be  mapped  to  obtain  an  absolute  field 
integral  measurement  with  an  accuracy  of  2.5  x  10~4. 
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Abstract 

Automatic  gain  control  (AGC)  techniques  have  been 
largely  used  since  the  beginning  of  electronics  but  in  most  of 
the  applications  the  dynamic  response  is  slow  compared  with 
the  carrier  frequency.  The  problem  of  developing  an 
automatic  gain  control  having  simultaneously  high  dynamic 
response  and  wide  control  range  is  analyzed  in  this  work.  An 
ideal  gain  control  law,  having  the  property  that  the  total  loop 
gain  remains  constant  independent  of  the  carrier  amplitude, 
is  obtained.  The  resulting  AGC  behavior  is  compared,  by 
computer  simulations,  with  a  linear  multiplier  AGC.  The 
ideal  gain  control  law  can  be  approximated  by  using  a 
transconductance  amplifier.  A  practical  circuit  that  has  been 
used  at  CERN  in  the  radiofrequency  loops  of  the  Boostfci 
Synchrotron  is  presented.  The  circuit  has  high  speed  and  80 
dB  gain  control  range. 


The  gain  of  the  controlled  amplifier  is  a  function  of  the 
control  voltage  x(t).  Thus,  the  control  system  is  non  linear 
and  gain  loop  and  stability  are  usually  dependent  on  the 
operating  point  The  system  has  to  be  designed  in  order  to  be 
stable  for  the  maximum  loop  gain  and  a  poor  dynamic 
behavior  is  obtained  for  low  gain  operating  points.  The  effect 
of  the  gain  control  law  on  the  loop  gain  variation  range  is 
analyzed  in  the  next  section. 

D.  GAIN  CONTROL  LAW 

The  output  of  the  variable  gain  amplifier  is  given  by: 

VX=VM-P{x)  (1) 

Thus,  its  equivalent  gain  depends  on  the  operating  point 
and  is  given  by: 


I.  INTRODUCTION 


=  dVL  =  v  dP(x ) 
dx  in  dx 


(2) 


In  standard  automatic  gain  controls  the  dynamic 
response  is  slow  compared  with  the  carrier  frequency.  When 
it  is  necessary  to  develop  an  AGC  presenting  simultaneously 
high  dynamic  response  and  wide  control  range,  some  stability 
problems  arise  due  to  the  inherent  non  linear  behavior  of  the 
control  loop. 

A  simplified  schematic  diagram  of  an  AGC  is  shown  in 
figure  1,  where  P  represents  the  controlled  amplifier,  A  the 
power  amplifier,  D  the  amplitude  detector,  F  a  low  pass  filter 
and  C  a  cascade  compensator.  The  AGC  has  to  regulate  the 
amplitude  of  the  output  voltage  V0  following  the  reference 
voltage  Vref.  The  amplitude  of  the  carrier  voltage  is  the 
main  perturbation  to  be  rejected. 


*  Operated  by  the  Universities  Research  Association,  Inc.,  for 
the  U.S.  Department  of  Energy  under  Contract  No.  DE- 
AC35-89ER40486. 
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From  figure  1,  the  loop  gain  LG  can  be  expressed  by: 

LG-Cp-AFD  (3) 

Expressions  (2)  and  (3)  show  that  the  loop  gain  is  usually 
dependent  on  the  carrier  amplitude  (Vm).  This  is  apparent 
when  a  linear  multiplier  type  of  control  amplifier  is  used. 

Linear  Multiplier 

In  this  case,  the  gain  control  law  is: 

P(x)=Vinkx  (4) 

where  k  is  a  constant.  Equation  (3)  becomes 

LG  =  CkVinAFD  (5) 

Thus,  the  loop  gain  is  directly  proportional  to  the  carrier 
amplitude.  For  having  adequate  stability  over  the  whole 
amplitude  range  a  low  frequency  dominant  pole 
compensation  is  generally  used.  Then,  when  the  carrier 
amplitude  is  reduced,  the  AGC  constant  time  is 
proportionally  increased. 

The  time  domain  system  behavior  is  shown  in  figures  2 
and  3,  where  the  input  carrier  signal  and  the  regulated  output 
for  two  different  operating  points  are  represented.  Figure  2 
shows  a  good  dynamic  response,  obtained  when  the  carrier 
signal  has  maximum  amplitude.  Nevertheless,  if  the  carrier 
signal  amplitude  is  reduced  (figure  3),  the  AGC  constant  time 
is  increased  resulting  a  slow  time  domain  response. 

The  system  behavior  is  highly  dependent  on  the  gain 
control  law  of  the  controlled  amplifier.  Different  controlled 
amplifiers  have  been  proposed  in  the  literature  [1],  [2]. 
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Fig.  2.  Ttansient  behavior  of  a  linear  multiplier  AGC. 
Carrier  amplitude,  0.1  V  to  0.3V 


Fig.  3.  Transient  behavior  of  a  linear  multiplier  AGC. 
Carrier  amplitude,  0.01  V  to  0.03V 


Ideal  Control  Law 

Our  aim  is  to  derive  a  gain  control  law  which  gives,  for  a 
constant  output  amplitude,  a  constant  loop  gain  independent 
of  the  carrier  amplitude. 


The  purpose  of  an  AGC  is  to  obtain  an  output  signal  with 
a  given  constant  amplitude.  Let  us  called  this  output 
amplitude  V0°. 

K=Vu,-P(x)-A\K=v:=A-Vi°  (6) 

For  a  constant  p,  a  constant  loop  gain  is  obtained. 


P  = 


dx 


K 

P(x ) 


dP(x)  _ 
dx 


(7) 


where  Kj  is  an  arbitrary  constant.  From  equations  (6)  and  (7) 
it  is 


/ 

P{x)  =  K2  •  exp 

V 


KrA 

K 


(8) 


where  K  j  and  K2  are  arbitrary  constants. 

Thus,  by  imposing  a  loop  constant  gain,  independent  of 
the  carrier  amplitude,  the  control  law  of  an  ideal  controlled 
gain  amplifier  has  been  deduced  (expression  (8)). 


LG  =  C  KX  AFD  (9) 

An  AGC  using  this  control  law  will  present  a  dynamic 
behavior  that  changes  with  the  amplitude  value  of  the  output 
voltage  but,  that  is  independent  of  the  carrier  amplitude.  TTte 
input  carrier  presents  a  wide  amplitude  range  while  the 
regulated  output  amplitude  is  usually  constant. 

The  computer  simulation  results  of  an  AGC  with  an 
exponential  control  law  are  shown  in  figures  4  and  5.  In  order 
to  compare  the  behavior  of  both  AGCs,  the  cascade 
compensator  has  been  designed  for  having  similar  relative 
stability  than  for  the  case  of  figure  2. 
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Fig.  4.  Transient  behavior  of  an  exponential  law  AGC. 
Carrier  amplitude,  0.1V  to  0.3V 
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Fig.  5.  Transient  behavior  of  an  exponential  law  AGC. 

Carrier  amplitude,  0.01V  to  0.03V 

The  simulations  have  been  carried  out  under  the 
following  conditions:  the  power  amplifier  A  and  the  feedback 
loop  have  unitary  gain,  the  amplitude  detector  is  a  quadratic 
detector,  the  filter  F  presents  a  single  pole  at  0.5  MHz  and  the 
compensator  C  has  a  dc  gain  of  103 4  having  a  single  pole  at 
30  Hz. 

Equation  9  shows  that  the  loop  gain  is  constant  over  the 
whole  AGC  range.  Thus,  the  AGC  constant  time  is  also 
constant  and  independent  of  the  carrier  amplitude.  This 
feature  is  shown  in  Figures  4  and  5  where  the  AGC  dynamic 
response  continues  been  the  same  although  the  carrier 
amplitude  has  been  reduced  in  20  dB.  The  advantages  of  the 
method  are  clearly  seen  by  comparing  figures  3  and  5. 

m.  CIRCUIT  IMPLEMENTATION 

An  exponential  law  gain  control  can  be  approximated  by 
a  transconductance  amplifier  [3].  In  this  case,  the  gain 
control  law  is  expressed  by: 


times  for  a  linear  multiplier  AGC  and  less  than  2  times  for  a 
transconductance  amplifier  AGC.  Thus,  by  using  a 
transconductance  amplifier,  an  AGC  with  a  dynamic 
behavior  almost  independent  of  the  carrier  amplitude  is 
obtained. 

An  AGC  having  these  characteristics  has  been  designed 
and  implemented  at  CERN  for  the  radiofrequency  loops  of 
the  Booster  Synchrotron.  For  this  application,  it  was 
necessary  to  regulate  a  radiofrequency  signal  with  an 
amplitude  range  of  80  dB  and  frequencies  comprised  between 
3  MHz  and  9  MHz.  The  AGC  requirements  included 
minimum  phase  rotation  and  fast  AGC  time  response.  The 
problem  was  solved  by  using  two  AGCs  in  cascade 
connection.  Each  ACC  presents  a  control  range  of  40  dB  and 
a  constant  time  of  less  than  1  (is  [4],  The  circuit  was 
implemented  with  a  commercial  transconductance  amplifier 
gain  controller  (MCI 590)  having  a  60  dB  AGC  range.  The 
amplitude  detector  is  a  full-wave  mean  value  rectifier,  the 
passive  filter  F  presents  a  comer  frequency  at  8  kHz  and  the 
cascade  compensator  C  is  a  dc  amplifier  with  a  single-pole  at 
1  MHz.  The  total  open  loop  transfer  function  has  a  dc  gain  of 
50  and  the  closed  loop  bandwidth  is  0.4  MHz. 

IV.  CONCLUSIONS 

An  automatic  gain  control  having  simultaneously  a  high 
dynamic  response  and  a  wide  control  range  has  been  analyzed 
in  this  work.  It  has  been  deduced  that  an  exponential  control 
law  AGC  presents  a  constant  loop  gain,  independent  of  the 
carrier  amplitude.  The  computer  simulation  results  show  the 
advantages  of  the  method.  For  practical  applications,  the 
exponential  gain  control  can  be  approximated  with  a 
transconductance  amplifier.  For  designing  a  high  speed  AGC, 
a  transconductance  controlled  gain  amplifier  must  be 
consider  over  other  commercial  AGC.  The  characteristics  of 
an  AGC  of  this  type,  used  in  the  radiofrequency  loops  of  the 
Booster  Synchrotron  at  CERN,  are  also  presented. 
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Abstract 

A  beamline  bas  been  designed  and  assembled  to  use  the 
ANL  Chemistry  Division  20-MeV  electron  linac  for  the  test¬ 
ing  of  higher-order  mode  excitation  and  damping  in  RF  cavi¬ 
ties.  The  beamline  consists  of  two  sections  (a  beam  collimat¬ 
ing  section  with  a  1.5"-OD  vacuum  line,  and  a  cavity  test  sec¬ 
tion  with  a  3"-OD  vacuum  line),  separated  by  two  double  alu¬ 
minum  foil  windows.  The  beam  diagnostics  consist  of  a 
stripline  beam  position  monitor,  integrating  current  transform¬ 
ers,  fluorescent  screens,  and  a  Faraday  cup.  EPICS 
(Experimental  Physics  and  Industrial  Control  System)  is  used 
for  beamline  control,  monitoring,  and  data  acquisition.  Also 
described  is  the  diagnostic  system  used  for  beam  image  capture 
and  analysis  using  EPICS-c  on  trolled  hardware  and  PV-WAVE 
software.  The  RF  cavity  measurement  will  be  described  in  a 
separate  paper  [1], 

I.  INTRODUCTION 

The  20-MeV  linac  beam  at  the  Argonne  Chemistry 
Division  was  used  to  measure  the  RF  properties  of  the  single¬ 
cell  cavity  and  WR  2300  waveguide  system.  The  primary  rea¬ 
son  for  building  this  test  facility  is  to  measure  those  HOMs 
near  and  above  the  cutoff  frequency  of  the  beampipe.  These 
modes  cannot  be  easily  calculated  well  because  of  strong  geo¬ 
metric  effects.  Bench  measurements  cannot  be  easily  related  to 
beam-induced  effects.  The  20-MeV  chemistry  electron  beam  is 
good  for  testing  because  of  the  similarities  of  pulse  shape  and 
charge  to  those  of  the  APS  storage  ring  bunch.  Comparison  of 
the  linac  beam  and  the  APS  storage  ring  bunch  parameters  are 
given  in  Table  1. 


Table  1  Main  Beam  Parameters  for  the  APS-SR  System 
and  the  Chemistry  Linac. 


7-GeV  APS  Storage  Ring  1 

20-MeV  Linac 

Mode 

single 

Nominal 

Maximum 

single  to  60  Hz 

#  of  bunch 

1 

20 

60 

average  current 

5  mA 

100 

300 

>1.5  pA 

peak  cunent 

700  A 

>625  A 

bunch  length 

(FWHM) 

27.5  ps 

50 

72.5 

25  -  40  ps 

total  H 

of  particles 

1.2X1011 

2.3x1012 

6.9X1012 

>1.5X1011 

total  charge 

18.5  nC 

1  -  20  nC 

natural  emittance 

8.2  x  10' 3 

mm-mrad 

10  mm-mrad 

Higher-order  modes  (HOMs)  of  the  SR  single  cell  cavity 
are  studied  by  sending  the  beam  on-axis  and  off-axis  of  the 
cavities,  and  the  HOM  dampers  can  be  tested. 

II.  BEAMLINE  SYSTEM 

The  Argonne  Chemistry  linac  is  an  L  band  (1.3  GHz) 
traveling  wave  accelerating  structure  [2],  The  linac  beamline 
exits  through  an  Al  foil  window  (5"'),  followed  by  a  beam 
collimator  (2'  long,  and  3/16”  diameter).  After  tuning  the  linac 
for  an  optimized  beam  condition,  the  collimator  is  removed  to 
provide  a  maximum  beam  current  through  the  cavity  section. 


■J  Be  air 


Beam  Durrp 
Faraday  Cup 


Fig.  1  Schematics  of  the  Beamline  to  Test  HOMs  of  u*e  APS/SR  RF  Cavity 

_  Our  beamline  consists  of  two  sections  (a  beam  collimating 

♦Work  supported  by  U.S.Department  of  Energy,  Office  of  section  with  a  1 .5"-OD  vacuum  line,  and  a  cavity  lest  section 
Basic  Sciences,  under  Contract  W-31-109-ENG-38.  with  a  3"-OD  vacuum  line,  separated  by  two  double  Al  foil 
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windows  as  shown  in  Fig.  1.  The  collimating  section  consists 
of  a  water-cooled  collimator  (3/4”  long  and  1/8”  diameter)  and 
2'"  Al  foil  window  to  get  a  small  size  beam  (3  mm  diameter). 
The  energy  loss  and  the  beam  divergence  angle  through  the 
double  2”’  Al  foil  windows  were  calculated  to  be  30  keV  and 
1.8  degree,  respectively  [3].  The  double  Al  foil  window  sys¬ 
tem  was  adopted  to  prevent  the  beamline  from  possible  vac¬ 
uum  break,  using  a  differential  pressure  between  the  two  foil 
windows. 

The  beam  focusing  is  provided  by  two  quadruple  magnets 
(length  =  8  cm,  bore  radius  a  =  2.5  cm,  focal  length  f  =  30 
cm).  To  confine  beam  inside  the  beam  pipe,  a  solenoid  coil 
(Ls  =  7  mH,  Q  =  23.7,  and  R  =  1.7  £2)  is  used.  The  beam  di¬ 
agnostics  used  in  the  first  section  include  a  beam  stripline  and 
an  integrating  current  transformer. 

The  second  section  of  the  beamline  includes  the  RF  cav¬ 
ity,  two  fluorescent  screens,  an  integrating  current  transformer, 
and  the  beam  dump. 

The  second  section  is  movable  with  respect  to  the  first 
section  by  ±  2  cm  in  the  X  and  Y  directions  and  10  cm  along 
the  beamline  to  have  a  beam  off-center  of  the  cavity.  To  align 
the  beamline,  many  three-point  adjustment  mounts  were  used 
and  a  He-Ne  laser  beam  was  used  to  check  the  alignment.  The 
vacuum  was  about  1  x  10  Torr. 

in.  Beam  diagnostics  system 


dump  due  to  the  high  energy  beam,  the  FC  is  well  shielded 
with  lead. 


IV.  CONTROL  &  DATA  ANALYSIS 

The  EPICS  (Experimental  Physics  and  Industrial  Control 
System)  control  system  is  used  for  control  and  data  collection. 
The  hardware  configuration  is  shown  in  Figure  2.  The  operator 
interface  (OPI)  is  a  SUN  workstation  running  the  UNIX  oper¬ 
ating  system. 


The  beam  diagnostics  consist  of  an  APS/linac  beam  posi¬ 
tion  monitor  (Stripline-type)  (BPM),  two  integrating  current 
transformers  (ICT),  two  fluorescent  screens  (FS),  and  a  Faraday 
cup  (FC). 

The  BSL  or  BPM  consists  of  four  equal-length  electrodes 
(/  =  A/4,  A  =  10.5  cm)  [4].  The  monitor  provides  a  triggering 
signal  for  the  rest  of  the  diagnostics  in  the  beamline. 

Two  ICTs  measure  total  beam  current:  one  upstream  of 
the  cavity  and  the  other  downstream  of  the  cavity.  The  ICT, 
manufactured  by  Bergoz,  is  based  on  toroids  and  responds  with 
a  fast  pulse  signal  as  short  as  ten  picoseconds.  The  ICTs  are 
mounted  through  the  vacuum  ceramic  break  and  confined  in  a 
Cu  housing  to  avoid  disrupting  the  return  current.  In-house 
high  speed  beam  signal  processing  electronics  provides  a  DC 
level  output  proportional  to  the  peak  current  or  the  total  charge 
for  the  digitizer  input.  The  calibration  is  done  with  a  short 
electronic  pulse  (FWHM  =  140  picoseconds)  using  the  wire 
method.  More  detailed  description  of  the  'Gate'  electronics  and 
their  measurements  can  be  found  in  the  reference  [5]. 

A  fluorescent  screen  monitors  relative  beam  position  and 
spot  size  of  an  electron  beam.  A  chromium  doped  alumina 
(AfyOyCr)  ceramic  screen  inserted  into  the  beamline  is  moni¬ 
tored  by  a  video  camera.  The  fluorescent  screen  housing  is 
mounted  to  the  air-actuator  to  insert  and  retract  from  the  beam¬ 
line.  The  resulting  image  is  captured  using  a  frame  grabber  and 
stored  into  memory.  The  camera  was  shielded  to  prevent  possi¬ 
ble  noise  due  to  radiation.  Reconstruction  and  analysis  of  the 
stored  image  are  performed  using  PV-WAVE  [6]. 

The  beam  dump  serves  as  a  Faraday  cup  with  a  50  £2  ter¬ 
mination.  Even  though  the  FC  does  not  respond  as  fast  as 
ICT,  it  certainly  gives  a  signal  that  is  proportional  to  the  total 
beam  current  at  the  end  of  the  beamline.  To  reduce  the  sec¬ 
ondary  electron  emission,  and  the  radiation  outside  the  beam 


Fig.  2  System  Control  and  Data  Analysis,  using 
VME-based  with  SUN  Workstation 

Control  panels  displayed  on  the  SUN  and  configured  with 
the  EPICS  Motif  Edit  Display  Manager  (MEDM)  tools  are 
used  to  control  a  frame  grabber  system,  a  stepping  motor  posi¬ 
tioner  for  the  fluorescent  screen,  the  power  supplies  for  the 
vertical  and  horizontal  focusing  quadrupole  magnets,  and  a 
sampling  oscilloscope.  Monitors  for  the  sampling  scope 
waveform  and  the  vacuum  readings  are  also  displayed  on 
operator  control  panels. 

The  SUN  workstation  communicates  with  a  VME  based 
Input/Output  Controller  (IOC)  through  an  Ethernet  LAN.  The 
VME  crate  contains  a  Motorola  MVE167  single  board  com¬ 
puter  and  through  VME  communication  modules  is  responsi¬ 
ble  for  direct  instrument  control.  For  instrumentation  close  to 
the  VME  crate  (i.e.,  sampling  oscilloscope  and  quadruple 
power  supplies)  direct  GPIB  communication  is  used.  For  in¬ 
strumentation  remote  from  the  VME  crate,  a  fiber  optic 
BITBUS  communication  link  is  used.  The  BITBUS  protocol 
signal  is  converted  to  a  GPIB  protocol  for  interfacing  to  the 
vacuum  gauge,  and  to  an  RS232  protocol  for  interfacing  to  the 
stepper  motor  positioner.  These  protocol  converters  were  de¬ 
veloped  at  Argonne  for  the  Argonne  APS  control  system.  The 
IOC  runs  the  Vx- Works  real-time  kernel  and  the  EPICS  IOC- 
CORE  software. 

The  frame  grabber  is  used  to  capture  images  of  the  beam 
from  a  camera.  The  camera  views  a  fluorescent  screen  placed  at 
an  angle  of  45  degrees  with  respect  to  the  camera.  The  frame 
grabber  is  a  VME  based  MaxVideo  10  system  with  DigiMax 
frame  grabber  and  RoiStore  video  memory.  The  captured  image 
data  is  stored  in  a  disk  file  for  off-line  analysis. 

The  data  analysis  program  (PV-WAVE)  provides  back¬ 
ground  subtraction,  compensation  for  the  viewing  angle  of  the 
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fluorescent  screen,  and  calculation  of  the  beam  position  and 
full-width  half  and  tenth  maximum  values.  Pseudo  color  dis¬ 
plays  are  provided  for  the  raw  and  compensated  images.  X  and 
Y  beam  profile  displays  are  also  provided. 

V.  MEASUREMENTS  AND  RESULTS 

The  beam  emittance  was  measured  with  the  collimating 
system  of  the  first  section  of  the  beamline.  The  image  of  the 
beam  profile  was  captured  with  the  first  FS,  while  varying  the 
magnetic  field  of  the  two  quadrupole  magnets.  A  typical  image 
pattern  is  exhibited  in  Fig.  3.  The  top-left  photo  is  a  2-D  pat¬ 
tern  plot  and  the  bottom-left  is  a  3-D  plot.  The  top-right  is  an 
X-profile  and  the  bottom-right  is  a  Y-profile,  respectively. 
Analyzing  the  beam  image  pattern,  one  can  get  FWTM  versus 
strength  of  a  focusing  magnet  as  presented  in  Fig.  4.  The  mea¬ 
sured  emittance,  £x  and  £yf  are  9.20  and  3.72  mm  mrad,  re¬ 
spectively  [7]. 


mission  is  about  87%  when  it  ends  at  the  beam  dump.  The 
time  delay  between  the  two  signals  signifies  the  time  of  flight 
of  the  beam  between  the  BSL  and  the  FC,  which  is  about  5.5 

ns. 

The  RF  cavity  measurement  was  done  with  two  H-loops 
and  E-probes,  and  will  be  discussed  in  a  separate  paper  [1], 


Fig.  5  ICT  output  signal  and  its  gated  DC  signal. 


Fig.  3  Typical  Beam  Profile  with  the  focused  beam 


Fig.  4  Beam  Profile  Width  (FWTM) 
with  Various  Current  in  Q2. 

The  data  with  ICT  is  shown  in  Fig.  5:  The  left  one  is  the 
ICT  output  signal  with  100  mV/Div,  20  ns/Div  and  the  right 
one  is  a  DC  output  with  Gate,  200  ns/Div,  200  mV/Div.  The 
total  charge  is  about  5.0  nC  and  the  sensitivity  of  both  ICTs 
(one  with  1.5"  OD  and  the  other  with  3"  OD)  is  about  same 
within  5%  of  each  other. 

The  signals  from  the  BSL  and  FC  are  shown  in  Fig.  6: 
The  bigger  signal  is  from  the  BSL  and  the  smaller  signal  is 
from  the  FC  with  2  ns/Div,  5  V/Div.  The  total  current  trans¬ 


Fig.  6  Signal  from  BSL  and  FC,  with  2  ns/Div,  5  V/Div. 
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A  BUNCH  KILLER  FOR  THE  NSLS  X-RAY  ELECTRON  STORAGE  RING* 
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Abstract 

After  a  preliminary  investigation,  it  was  concluded  that 

In  the  NSLS  x-ray  electron  storage  ring,  which  removing  the  unwanted  bunches  after  filling  would  require  less 
operates  at  a  harmonic  number  of  30,  the  beam  may  be  stored  effort  than  cleaning  up  the  injection  process  itself, 
in  many  different  bunch  patterns.  The  minimum  spacing 

between  bunches  is  approximately  19  nsec.  While  most  of  the  The  low  background  requirement  prompted  the 

experimenters  ate  primarily  interested  in  photon  flux,  some  development  of  a  "bunch  killer”  system.  This  system  uses  a 
experiments  are  sensitive  to  bunch  spacing.  Time  resolved  stripline  kicker  to  induce  large  coherent  vertical  oscillations  in 
nuclear  resonance  scattering  experiments,  for  example,  need  the  unwanted  bunches  at  the  betatron  frequency  [2]  until  they 
pulses  of  x-rays  spaced  of  the  order  of  100  nsec  apart  and  a  collide  with  the  vacuum  chamber  wall  and  are  lost.  The 
very  low  noise  floor  (10~*)  between  pulses.  Perhaps  even  kicker  is  driven  by  a  gated,  swept  rf  signal  which  is 
more  important  than  the  level  of  the  background  is  that  it  be  synchronized  with  the  stored  bunch  pattern.  The  rf  amplifiers 
reproducible  and  homogeneous  in  time.  It  has  been  found  in  driving  the  kicker  are  limited  in  output  power,  so  that  the 
practice  that  a  small  number  of  electrons  always  get  trapped  stray  bunches  can  only  be  knocked  out  at  low  energy.  The 
in  the  “empty"  rf  buckets  during  injection  into  the  storage  ring  lackers  are  driven  sinusoidally  at  a  single  frequency  within  a 
and  remain  as  low  level  stray  bunches.  These  extra  bunches  betatron  sideband  which  is  only  a  few  kHz  wide.  Because  this 
produce  an  unacceptable  temporally  localized,  non-  frequency  can  vary  from  fill  to  fill  by  as  much  as  ±  17S  kHz 
reproducible  background  which  is  difficult  if  not  impossible  to  (±  0.0S  tune  units),  the  frequency  of  the  excitation  is 
correct  for.  A  "bunch  killer"  system  based  on  the  rf  knock-  modulated  back  and  forth  across  its  nominal  value  (see  Fig.  1). 
out  technique  has  been  developed  and  installed  on  the  ring  to  In  the  x-ray  ring,  the  fractional  part  of  the  vertical  tune,  q,  is 
remove  the  unwanted  bunches.  We  describe  the  operation  of  nominally  equal  to  0.36  and  the  available  stripline  is  best 
this  system  and  present  experimental  results  to  illustrate  its  coupled  to  the  beam  in  the  100  MHz  range.  As  a  result,  the 
effectiveness.  kicker  is  driven  at  the  frequency  of  the  upper  betatron 

sideband  of  the  60th  revolution  harmonic  (60  f,,)  which  is 

I.  INTRODUCTION  106  4  MHz- 

The  NSLS  x-ray  storage  ring  operates  with  an 
accelerating  rf  frequency  frf  =  52.88  MHz  and  a  harmonic 
number  n  =  30.  The  ring  energy  is  ramped  after  injection 
from  750  MeV  up  to  approximately  2.5  GeV.  The  machine 
is  usually  filled  with  25  consecutive  bunches.  Some  fraction 
of  the  machine  operation  is  devoted  to  special  fill  patterns, 
usually  single  or  five  bunch  modes.  This  provides  the 
capability  for  performing  time-resolved  experiments  in  the 
nanosecond  range.  For  example,  nuclear  resonance  scattering 
experiments  [1]  need  to  maintain  a  very  low  background  (a 
factor  of  104)  between  consecutive  light  pulses  spaced  some 
100  nsec  or  more  apart. 

In  practice  we  find  that  some  electrons  get  trapped  in 
the  "empty"  rf  buckets  during  injection  which  in  effect  raises 
the  background.  This  noise,  which  is  time-localized  and 
typically  different  from  fill  to  fill,  is  difficult  to  correct  for. 

It  should  be  noted  that  at  the  present  time  the  very  low  level 
stray  bunches  can  only  be  observed  by  the  synchrotron 
radiation  that  they  produce  using  photon  counting  x-ray 
detectors  after  the  beam  has  been  stored  and  ramped  up  in 
energy.  The  low  level  stray  bunches  can  not  be  readily  seen 
with  conventional  rf  beam  pick-ups  or  visible  light  monitors. 

*  Work  performed  under  the  auspices  of  the  U.S.  DOE. 


2145 

0-7803-1203-  1/93S03.00  ©  1993  IEEE 


f„  =  =  1.76MHz 

tn  =  (N  +  q)f, 
(2n-l)f,  2nfo^  (2n+l)f* 

t„  =  106.4  ±  0.2MHz 

Fig.  1.  Vertical  betatron  frequency  during  injection. 

The  bunch  killer  system  has  been  installed  and  used 
in  routine  operations;  photon  counting  data  indicate  that  the 
system  is  effective  in  removing  stray  bunches  to  a  level  where 
they  can  no  longer  be  distinguished  from  the  random 
background  noise.  The  system  requires  a  minimum  of 
intervention  from  the  machine  operator  and  is  now  being 
upgraded  for  completely  automatic  operation  . 

II.  SYSTEM  DESCRIPTION 

A  block  diagram  of  the  system  is  shown  in  Fig.  2. 
The  kicker  drive  signal  from  a  106.4  MHz  VCO  is  gated  on 
and  off  by  means  of  a  double  balanced  mixer.  The  IF  input  of 


Fig.  2.  System  block  diagram 


the  mixer  is  driven  by  a  programmable  function  generator 
(PFG).  The  PFG,  which  also  provides  a  bias  to  the  mixer 
input  for  clean  gating  of  the  VCO  signal,  is  synchronized  with 
signals  at  frf  and  fjf/30.  The  PFG  has  several  modes  of 
operation  tailored  to  the  various  bunch  patterns  of  interest 
which  can  be  selected  by  the  computer  control  system.  The 
mixer  output  is  split  and  amplified  by  two  100  Watt  rf  power 
amplifiers  (ENI  Model  5100L)  to  drive  the  stripline 
differentially.  The  gated  drive  and  a  sum  signal  proportional 
to  beam  intensity  derived  from  another  rf  stripline  are 
monitored  with  a  fast  digital  oscilloscope.  The  kicker  is 
driven  at  106.4  MHz  because  it  is  best  coupled  to  the  beam  in 
this  frequency  range. 

As  mentioned  earlier,  the  tune  of  the  machine  may 
vary  from  fill  to  fill  by  as  much  as  ±  0.05  units.  The 
resonance  line,  however,  is  narrow  (a  few  kHz),  and  the 
amplifiers  driving  the  kicker  are  limited  in  power.  This 
means  that  we  must  drive  with  a  single  frequency  within  the 
betatron  sideband  to  excite  the  resonance.  To  simplify  the 
process  of  finding  the  correct  frequency  during  operations,  we 
modulate  the  output  of  the  106.4  MHz  oscillator  by  ±  200 
kHz  at  1  kHz  rate.  The  transverse  oscillations  are  induced  in 
the  beam  by  sweeping  back  and  forth  through  the  resonance. 
The  excitation  of  these  oscillations  by  the  kicker  is 
counteracted  to  a  small  degree  by  radiation  damping.  Since 
the  radiation  damping  time  constant  at  low  energy  is  of  the 
order  of  two  hundred  msec,  the  excitation  is  sufficiently  strong 
to  build  up  the  amplitude  of  the  oscillations  and  drive  the  stray 
particles  into  the  vacuum  chamber  wall. 

To  demonstrate  the  operation  of  the  bunch  killer,  we 
first  generated  an  artificially  "bad"  five  bunch  fill  and  then 
removed  the  unwanted  bunches  by  turning  the  system  on,  as 
shown  in  Fig.3.  The  lower  trace  of  Fig.3a  shows  the  bunch 


pattern  with  small  intermediate  bunches  as  observed  with  the 
rf  stripline  monitor.  The  upper  trace  in  the  same  figure  is  the 
gated  rf  drive  which  is  to  be  applied  to  the  kicker  electrodes. 
Since  there  are  arbitrary  delays  introduced  in  various  signal 
paths,  it  is  necessary  to  compensate  for  them  by  trial  and  error 
until  the  correct  phase  relationship  between  the  drive  and  the 
bunch  pattern  is  found.  With  the  correct  delay  established  and 
the  drive  signal  connected  to  the  kicker,  the  intermediate 
bunches  are  reduced  to  a  point  where  they  can  no  longer  be 
observed  with  the  rf  pick-up.  This  is  shown  in  the  lower  trace 
of  Fig.3b.  Since  the  bunch  spacing  is  only  19  nsec,  the  jitter 


Fig.  3.  Mixer  output  and  beam  pick-up  signal  with  kicker  off 
(a),  and  with  kicker  on  (b). 
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between  the  kicker  excitation  and  the  beam  pattern  must  be 
controlled  to  a  few  nsec  so  as  not  to  affect  the  desired 
bunches.  This  has  been  readily  achieved  in  the  NSLS  system 
as  can  be  seen  in  Fig.  3  where  the  waveforms  are  the 
envelopes  of  many  oscilloscope  traces. 

m.  EXPERIMENTAL  RESULTS 

As  previously  mentioned,  the  level  of  the  unwanted 
bunches  is  typically  too  low  to  be  detected  by  the  rf  pick-up 
detectors.  The  best  technique  so  far  is  to  use  the  set-up  for 
nuclear  resonance  experiments  as  a  diagnostic.  This  uses  a 
fast  plastic  scintillator  detector  which  is  usually  employed  to 
probe  the  decay  of  nuclei  excited  by  synchrotron  radiation.  A 
block  diagram  of  the  detector  is  shown  in  Fig. 4.  An  x-ray 
emitted  by  a  stray  bunch  and  registered  by  the  detector  starts 
a  time- to- analog  converter  (TAC).  A  legitimate  beam  pulse 
signal  (the  prompt)  derived  from  a  fast  photo-diode  looking  at 
synchrotron  light  stops  the  TAC.  The  TAC  output,  which  is 
proportional  to  the  time  delay  between  the  two  events,  is 
digitized  and  stored  in  the  computer  memory.  The  process  is 
repeated  for  a  large  number  of  events  and  the  distribution  is 
plotted  as  a  function  of  the  delay.  Results  for  a  five  bunch  fill 
with  and  without  the  bunch  killer  are  shown  in  Fig.S.  Fig.  Sa 
shows  the  presence  of  stray  bunches  at  19  nsec  and  at  38  nsec 
after  the  prompt.  The  level  of  these  bunches  is  roughly  100 
times  the  expected  signal  level  for  the  nuclear  resonance 
experiment.  With  the  bunch  killer  turned  on,  stray  bunches 
can  not  be  distinguished  from  the  background  (Fig.  5b). 


lOW-NOttt  PLASTIC  SCIKTKiATOH  COUNTER  WITH  OUAL-TUK  READOUT 
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Fig.  4.  The  x-ray  detector. 
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Fig.  5.  Typical  detector  output  with  bunch  killer  off  (a),  and 
with  bunch  killer  on  (b). 
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Abstract 

The  stringent  alignment  required  for  successful  bunched  beam 
stochastic  cooling  in  FNAL's  Tevatron  necessitates  the  design 
and  manufacture  of  a  complex  vacuum  compatible  mechanical 
alignment  system.  The  design  presented  uses  remote  motion 
control  to  provide  a  positioning  system  with  four  degrees  of 
freedom  for  placing  two  symmetric  pickup  loop  arrays  about  the 
proton  beam  and  with  two  degrees  of  freedom  for  aligning  the 
arrays  relative  to  each  other.  The  system  provides  a  7.62  cm 
aperture  between  arrays  during  injection  and  a  1.90  cm  aperture 
during  operation  while  maintaining  alignment  between  arrays 
within  50  |xm.  The  system  also  allows  precise  remote 
longitudinal  adjustment  between  pickup  arrays  with  .002  |im 
resolution  via  a  piezoelectric  crystal  inch  worm  motor  in  vacuum. 
Discussion  includes  the  manufacture  and  installation  of  four 
complete  pickup  and  kicker  systems  in  the  FNAL  Tevatron. 

I.  INTRODUCTION 

Stochastic  cooling  of  proton  and  antiproton  bunched  beams 
in  the  Tevatron  requires  the  careful  design  of  a  precise  alignment 
and  positioning  system  for  the  proper  placement  of  two 
microwave  loop  arrays  (per  tank)  symmetrically  about  the 
circulating  beams.  This  high  level  of  symmetric  alignment  is 
necessary  to  achieve  the  stringent  electrical  balances  required  to 
successfully  filter  out  common  mode  noise  [1].  The  precision 
alignment  criterion  in  addition  to  the  requirements  of  vacuum 
compatibility,  smooth  electrical  transitions  of  beam  tube  current 
through  the  tanks,  and  actual  physical  size  constraints  post 
severe  design  challenges  for  the  mechanical  engineering  design 
of  the  tanks. 

A.  Positional  Alignment  and  Movement  Criteria 

The  loop  arrays  for  both  kicker  and  pick-up  tanks  are 
constructed  of  flexible,  glass  impregnated  PTFE  circuit  board 
attached  to  stiff,  flat  aluminum  backing  plates.  During  operation, 
the  array  plates  are  ideally  located  symmetrically  on  either  side  of 
the  beam,  each  at  a  distance  of  9.5  mm  from  beam  center.  The 
absolute  distance  between  the  arrays  is  not  crucial  (+/-  2.5  mm) 
provided  the  arrays  can  be  centered  on  the  beam  symmetrically 
within  0.13  mm.  In  addition,  during  beam  injection  into  the 
Tevatron,  the  array  plates  must  allow  for  a  physical  beam  line 
aperture  of  7.62  cm.  Thus  the  criteria  for  array  plate  motion  is  set 
at  0.13  mm  resolution  and  at  least  2.86  cm  travel  per  plate 
perpendicular  to  beam  axis. 

The  alignment  of  paired  array  plates  to  each  other  is  also  of 
great  concern.  The  plates  should  be  flat  within  SO  )tm  and  parallel 
to  each  other  within  0.5  mm.  Locationally,  the  centerline  of  the 
planar  loops  on  each  array  plate  must  be  aligned  parallel  to  the 
loops  on  the  facing  plate,  and  the  beam  axis,  within  0.5  mm. 

The  longitudinal  alignment  (along  beam  axis)  of  the  array 
plates  to  each  other  is  of  primary  importance  in  the  pick-up  tanks 
because  any  small  misalignments  could  produce  unsymmelric 
signal  delays  causing  errors  in  common  mode  rejection  [1J.. 
Requirements  for  alignment  in  this  direction  are  not  precisely 


*  Operated  by  the  Universities  Research  Association  under  contract  with  the  U  S. 
Department  of  Energy. 


known  due  to  the  uncertainty  of  the  effect  upon  the  filtering 
electronics,  however  real  time  remote  control  of  the  longitudinal 
position  of  the  boards  with  a  tight  resolution  of  approximately 
1  pm  should  alleviate  any  problems  associated  with  longitudinal 
misalignment. 

The  precise  alignment  required  at  the  operating  aperture  should 
also  be  repeatable  within  50  pm  after  the  array  plates  are  cycled 
through  the  entire  aperture  range  necessary  for  injection.  This 
positional  repeatability  will  allow  the  cooling  system  to  come 
back  up  on  line  as  soon  after  injection  as  possible  without  any 
delays  for  realignment. 

Finally,  the  entire  array  assembly  of  each  tank  should  possess 
the  capability  to  be  remotely  positioned  relative  to  the  beam  so 
that  errors  from  the  theoretical  (surveyed)  beam  center  to  actual 
beam  center  can  be  zeroed  out  easily  during  initial  operation. 
This  requires  alignment  drives  to  position  the  tanks  horizontally 
and  vertically  plus  rotationally  about  the  vertical  and  horizontal 
axes  (pitch  and  yaw)  with  a  resolution  of  0.13  mm  and  travel  of  at 
least  +/-  1.3  cm. 

B.  Other  Design  Criteria 

In  order  to  reduce  unwanted  higher  order  microwave  modes 
created  by  the  bunched  beam  image  current  discontinuities,  it  is 
necessary  to  provide  a  smooth  transition  path  for  the  current  from 
the  upstream  beam  tube  to  the  ground  plane  of  the  loop  arrays  and 
back  to  the  downstream  beam  tube.  In  addition,  the  design  of  the 
tank  should  incorporate  microwave  absorbing  material 
surrounding  the  beam  line  in  an  attempt  to  damp  out  any 
microwave  ringing  caused  by  the  effective  cavity  of  the  interior 
surface  of  the  surrounding  vacuum  tank. 

The  locations  of  the  bunched  beam  stochastic  cooling 
systems  in  the  Tevatron  pose  great  limitations  on  overall  tank 
dimensions.  The  limiting  dimensions  for  one  tank  (pick-up  or 
kicker)  are  56  cm  in  the  vertical  and  horizontal  directions  and 
140  cm  in  the  longitudinal  (beam  axis)  direction  with  a  beam  line 
center  height  of  26.7  cm. 

Lastly,  the  materials  and  design  of  both  pick-up  and  kicker 
tanks  should  be  vacuum  compatible  since  they  are  installed 
directly  into  the  Tevatron's  vacuum  system.  The  requirement  for 
vacuum  in  the  Tevatron  is  less  than  10‘8  torr. 


Figure  1.  Vertical  Cooling  Tank  on  Stand. 
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II.  design  and  Construction 

Both  pick-up  and  kicker  tanks  are  constructed  of  a  stainless 
steel  (304)  30.5  cm  diameter  tube  capped  on  both  ends  with  35.6 
cm  diameter  conflat  type  vacuum  flanges.  The  central  tube 
portion  is  modified  to  provide  flat  surfaces  for  the  array  insertion 
drives  and  to  comply  with  physical  size  constraints  (see  fig.  1  & 
2).  Additional  feedthrough  ports  are  provided  around  the  entire 
periphery  of  a  tank  for  electrical  connections,  ion  pumps  and  the 
array  insertion  drives.  The  entire  length  of  a  tank,  including  dog¬ 
leg  bellows  at  either  end  to  allow  for  remote  tank  motion,  is 
110.5  cm. 

A.  Array  Insertion  and  Longitudinal  Drive  Systems 

In  order  to  facilitate  the  range  in  aperture  required  for 
operation  and  injection,  a  plunging-type  insertion  drive  system 
for  the  array  plates  is  utilized.  Although  this  type  of  design, 
which  allows  for  relative  motion  between  the  two  array  plates, 
inherently  introduces  clearances  and  therefore  increased 
tolerances  into  the  alignment  system,  it  is  necessary  to  allow  the 
capability  of  signal  amplitude  adjustment,  via  adjusting  each 
plate's  distance  from  the  beam. 

Each  15.2  cm  by  38.1  cm  aluminum  array  plate  of  each  tank 
array  plate  pair  is  inserted  via  a  dedicated  independent  drive. 
However,  each  array  plate  is  also  registered  to  its  mating  plate 
through  tightly  toleranced  stainle;  steel  guide  shafts.  Figure  2 
shows  a  cross-section  of  an  insertion  guide  shaft  and  drive 
assembly.  Clearance  between  the  guide  shaft  and  mating  bushing 
is  25  pm.  The  guide  shaft  is  coated  with  38  pm  of  a  PTFE  based 
surface  coating,  to  reduce  friction  and  eliminate  galling  in  the 
sliding  connection. 

The  array  plates  are  registered  to  each  other  in  two  locations, 
near  the  upstream  and  downstream  edges  of  the  array  plates.  This 
arrangement  ensures  the  even  and  stable  motion  of  the  arrays 
relative  to  each  other.  In  order  to  alleviate  binding  due  to  the 
overconstraint  of  using  two  full  guide  shafts,  the  upstream  guide 
shaft  has  a  full  circular  cross-section  to  register  the  plates 
positionally  while  the  downstream  guide  shaft  has  a  diamond 
shaped  cross-section,  oriented  perpendicular  to  the  beam  line  (so 
that  only  two  opposite  sides  of  the  shaft  contact  the  bushing 
wall),  to  register  the  plates  rotationally.  In  addition,  to  allow 
relative  motion  between  the  guide  shaft  locations,  the 
downstream  guide  shaft  and  bushing  are  connected  to  their 
respective  array  backing  plates  with  a  belleville  spring  loaded 
connection  plate.  This  special  connection  plate  allows 
longitudinal  slipping  to  occur  during  the  150°C  vacuum  bake-out 
without  losing  rotational  alignment. 

Linear  motion  is  transferred  from  the  exterior  of  the  tank  to 
the  interior  array  plates  via  a  conventional  welded  bellows 
feedthrough.  On  the  atmosphere  side,  a  lubricated  bronze  bushing 
is  used  to  locate  the  guide  shaft/array  plate  assembly  relative  to 
the  vacuum  tank  (see  fig.  2).  Actual  linear  motion  is  achieved  by 
exterior  mounted  worm  drive  assemblies  and  low  friction  ball 
screws  driven  by  a  standard  DC  stepping  motor.  Backlash 
associated  with  the  worm  drives  is  virtually  eliminated  by  the  pre- 
loading  effect  of  the  vacuum  pressure.  Each  drive  assembly  is 
mounted  within  a  vacuum  flange  for  easy  assembly. 

Initial  alignment  and  registration  of  each  pair  of  array  plates 
is  achieved  before  assembly  by  pinning  the  array  plates  together 
with  an  alignment  Fixture.  The  alignment  Fixture  is  removed  only 
after  the  array  plates  have  been  securely  mounted  within  the  tank 
to  the  insertion  bellows.  The  same  alignment  fixture  is  used  for 
surveying  the  precise  location  of  the  array  plates  to  exterior 
mounted  tooling  balls. 

Submicron  longitudinal  alignment  of  the  pick-up  tank  array 
plates,  relative  to  each  other,  is  achieved  through  the  use  of  a 
piezo-electric  crystal  motor.  This  motor  utilizes  an  inchworm 


type  series  of  crystal  expansions  and  contractions  to  move  one 
array  with  respect  to  the  other.  In  Figure  2.  the  top  array  plate  is 
actually  mounted  (hung)  beneath  a  second  aluminum  plate.  This 
guidance  plate  is  attached  rigidly  to  the  insertion  drives  and 
provides  mounting  positions  for  three  small,  Teflon-S  coated, 
guide  shafts.  Bushings  attached  to  the  top  surface  of  the  array 
plate  mate  (with  38  pm  clearance)  to  the  shafts  on  the  guidance 
plate  to  allow  longitudinal  motion  of  the  top  array  plate  relative 
to  the  guidance  plate  (and  lower  array  plate).  The  motion  is 
provided  by  the  inchworm  motor  which  rides  on  a  ceramic  shaft 
also  mounted  on  the  guidance  plate.  The  inchworm  motor  (made 
by  Burleigh  Instruments  |2])  is  only  capable  of  1.5  kg  of  load,  so 
the  entire  drive  system  is  tweaked  manually  until  the  top  array 
plate  glides  effortlessly  on  the  guidance  plate's  mounted  shafts. 


Figure  2.  Cross-section  view  of  array  insertion  drive  assembly. 

B.  Array  Board/Absorber  Design 

The  loop  array  circuit  boards  are  connected  to  the  aluminum 
backing  plates  via  several  ferrite  absorber  standoffs.  These 
standoffs  help  eliminate  unwanted  microwave  ringing  in  the 
concave  area  created  between  the  array  backing  plates  and  the 
backs  of  the  array  circuit  boards  (see  Fig.  2).  To  damp  out  ringing 
created  by  the  cavity  of  the  tank  itself,  loops,  or  pillows,  of 
carbon  coated  polyimide  Film  were  attached  to  the  array  boards  on 
each  side  of  the  pick-up/kicker  loops  (see  Fig.  2).  These  loops  of 
Film  Fill  the  gaps  between  the  faces  of  the  loop  array  boards  when 
the  boards  are  at  the  narrow  aperture  required  for  operation. 
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Smooth  electrical  transition  from  the  up  and  downstream  beam 
tubes  to  the  array  boards  is  achieved  by  the  use  of  beryllium- 
copper  foil  (0.2S  mm  thick)  and  commercially  available  Be-Cu 
finger  stock.  The  foil  is  formed  into  a  transition  piece  with  a 
cylindrical  shape  on  one  end  and  two  flat  tabs  on  the  other  (see 
fig.  3).  The  cylindrical  end  is  outfitted  with  the  fingerstock  and 
fitted  into  a  neighboring  beam  tube  and  the  flat  tabs  are  fastened 
tight  to  each  loop  array  ground  plane.  The  fingerstock  keeps 
positive  spring  loaded  pressure  on  the  interior  wall  of  the  beam 
tube  for  good  electrical  transmission  without  hindering  the  array 
plates'  insertion  movements. 


Figure  3.  Interior  end  of  tank,  showing  transition  foil  assembly. 


In  the  pick-up  tanks,  the  transition  pieces  are  modified  to 
accommodate  the  longitudinal  motion  of  the  inchworm  drive 
system.  Figure  3  shows  the  modification,  a  sliding  interface  foil 
tab  and  mating  aluminum  housing,  designed  to  provide  a  smooth 
transition  for  the  image  current  while  allowing  array  longitudinal 
movement. 

C.  Vacuum  Design 

All  materials  used  in  the  design  of  the  bunched  beam  cooling 
tanks  are  vacuum  compatible.  Materials  include  6061  aluminum. 
304  stainless  steel,  beryllium -copper  foil,  PTFE  surface  coating, 
glass  impregnated  PTFE  circuit  board,  polyimide  film,  and  high 
absorbtion  nickel  ferrite.  All  blind  holes  and  trapped  volumes  are 
vented  to  ensure  quick  pump  down.  Stainless  steel  screws  which 
engage  stainless  steel  threads  are  gold  plated  to  avoid  galling. 
All  stainless  steel  is  degassed  at  850°C  to  remove  the  hydrogen 
content  before  machining.  An  additional  1S0°C  bake  is 
performed  on  the  installed  tanks  to  remove  any  water  content 
adsorbed  during  installation.  Two  20  1/s  diode  pumps  are  used  on 
each  tank  to  achieve  an  ultimate  pressure  of  10'^  torr. 

D.  Tank  Stand  Design 

The  geometrical  space  constraints  of  the  Main  Ring  tunnel 
required  the  design  of  two  separate  stands.  One  for  tanks  oriented 
for  stochastic  cooling  in  the  vertical  direction  and  one  for  tanks 
oriented  for  cooling  in  the  horizontal  direction.  Both  designs  use 
conventional  gear  and  sliding  v-block  designs  driven  by  standard 
DC  stepping  motors  to  achieve  remote  motion  in  four  degrees  of 
freedom.  The  stands  are  capable  of  tranlations  perpendicular  to 
the  beam  line  in  the  vertical  and  horizontal  directions  and 
rotations  about  the  horizontal  and  vertical  axes.  Detailed 
discussion  of  these  stand  designs  is  beyond  the  scope  of  this 
paper,  suffice  to  state  that  the  stand  designs  satisfy  the  travel  and 
resolution  requirements  described  earlier  to  initially  align  the 
array  assemblies  with  respect  to  the  actual  beam  centerline. 


III.  DESIGN  RESULTS 

Table  1  shows  the  results  of  the  described  tank  design  in  terms 
of  alignment  parameters.  All  motions  desired  are  provided  at  the 
resolutions,  tolerances,  and  repeatability  required  for  successful 
bunched  beam  cooling. 

After  the  construction  of  one  prototype  tank  of  this  design,  it 
was  noted  that  the  inchworm  motor  guides  were  binding 
intermittently,  especially  after  the  150°  vacuum  bake -out.  After 
careful  analysis,  it  was  determined  that  the  array  plate  and  guide 
shaft  assembly  was  coupled  to  the  vacuum  lank  walls  to  a  greater 
extent  than  predicted.  The  vacuum  tank  wall  deflections  due  to 
vacuum  pressure  loading  (0.20  mm)  was  enough  to  cause  binding 
in  the  close  fitting  inchworm  motor  guides.  In  order  to  decouple 
the  interior  assembly  from  the  exterior  vacuum  jacket,  the  bronze 
bushings  in  the  bellows  assembly  have  been  removed.  This 
results  in  allowing  the  interior  components  to  keep  their  close 
alignment  by  floating  with  respect  to  the  exterior  vacuum  tank 
walls.  The  locating  function  of  the  bronze  bushings  was  found  to 
be  redundant  since  the  clearance  on  the  ball  screw  drives  is  much 
tighter  than  previously  perceived  (within  50  jim).  In  addition,  the 
transition  foil  sliding  connection  shown  in  figure  3  was 
redesigned  to  decrease  the  friction  loading  on  the  inchworm 
motor.  The  redesign  incorporates  a  flexible  foil  tab  to  allow 
longitudinal  inchworm  motion.  These  changes  result  in  a  free 
moving  inchworm  drive  system  even  directly  after  the  150°C 
bake-out. 


Actual  Value  Achieved 

[Array  Insertion  Drive 

Travel 

2.858  cm 

2.858  cm 

Resolution 

0.127  mm 

5.3  E-4  mm 

Repeatability 

50.8  pm 

50.8pm 

[Longitudinal  (Inchworm)  Drive 

Travel 

+/-  1.6mm 

+/-  3.2mm 

Resolution 

1  pm 

2  nm 

Repeatability 

NA 

NA 

[Array  Plate  Relative  Alignment  | 

Parallel  (X7.) 

0.508mm 

0.279mm 

Parallel  (YZ) 

0.508mm 

0.152mm 

Location  (X) 

+/-0. 127mm 

+/-0.076mm 

Table  1 .  Critical  Alignment  Criteria  Satisfaction. 


The  design  described  here  has  been  built  and  tested  in 
prototype  form  successfully.  All  drive  systems  move  smoothly 
and  with  the  tolerances,  resolutions,  and  repeatability  required. 
Presently  four  complete  systems  (8  tanks  total)  are  being 
constructed  and  should  be  ready  for  installation  in  the  FNAl, 
Tevalron  during  the  1993  shutdown. 
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Abstract 

This  paper  presents  the  design  study  of  a  system  to 
measure  the  electron  beam  energy  in  an  accelerator.  The 
method  of  Compton  scattering  between  laser  photons  and 
relativistic  electrons  was  used.  By  knowing  the  back 
scattered  photon  energy,  the  electron  beam  energy  can  be 
deduced.  The  scattering  mechanism  between  the  laser 
photons  and  the  relativistic  electrons  was  well  known. 
The  optical  system  for  the  laser  light  was  design  to  match 
the  laser  beam  with  the  electron  beam  in  order  to  enhance 
the  backscattered  photon  flux.  The  implementation  of  the 
system  in  the  electron  beam  transport  line  in  SRRC  and 
the  optimization  method  will  be  discussed.  A  CO2  laser 
was  chosen  to  produce  3  MeV  backscattered  photons  that 
will  be  detected  with  a  high  purity  germanium 
detector(HPGe).  The  reason  of  using  HPGe  and  the 
predicted  results  will  be  presented.  Under  this  study,  a 
05  %  energy  measurement  accuracy  was  expected. 


where  Z=02-0i,P=v/c  with  v  and  c  the  velocities  of  the 
electron  and  the  laser  light,  6  is  the  angle  between  the 
laser  and  the  scattered  photons,  and  Ee  is  the  electron 
energy.  The  Klein-Nishina  formula  shows  the  differential 
cross  section  do  for  the  head  on  collision,  after  the  Lorentz 
transformation,  is  rewritten  as  l3l 
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where  r0  is  the  classical  electron  radius,  and  m  is  the 
electron  rest  mass.  The  photon  yield  Y  per  pulse  is  given 
by 
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I.  INTRODUCTION 

Compton  backscattering  of  the  laser  light  from 
relativistic  electrons  can  produce  quasi-monochromatic 
photon  beam.  The  energetic  photon  beam  can  be  used  for 
the  investigation  of  photonuclear  reaction,  the  calibration 
of  the  detectors,  and  electron  beam  diagnostics!1!.  Here 
we  use  the  method  of  Compton  scattering  and  design  a 
system  to  measure  the  electron  beam  energy. 

H.  THEORY 

The  kinematics  associated  with  the  scattering  is 
discussed  by  many  papers.  The  process  is  shown  in  fig.l. 


laser  photon 


fig.  1  The  schematic  drawing  of  the  process  of 
Compton  scattering 

The  scattered  photon  energy  k2  from  laser  photons  of 
energy  kj  in  lab.  frame  is  !2I 

*,(1-  flcosfl)  (1) 

1  -  jScos  0j  +  *,  (1  -  cosx)/E, 


where  Ne  and  Np  are  the  number  of  electrons  and  laser 
photons  per  pulse,  d  is  the  average  interaction  length,  A  is 
the  larger  one  of  the  transverse  beam  size  of  the  electron 
beam  and  the  laser  beam,  and  T  is  the  shorter  one  of  the 
pulse  length  of  the  electron  beam  and  the  laser  beam,  o  is 
the  total  cross  section  of  photons  and  electrons. 

ffl.  SYSTEM  DESIGN 

The  system  was  designed  to  induce  the  Compton 
scattering  effect  and  to  measure  the  backscattered  photon 
energy.  A  pulsed  CO2  laser  with  high  peak  power  was 
chosen  to  produce  the  backscattered  photons  with 
maximum  energy  3.03MeV  and  to  match  the  repetition 
rate  of  electron  beam  in  transport  line  of  SRRC.  The 
schematic  drawing  of  the  whole  system  was  shown  in  fig. 
2. 


beam  expander 


mirror  i 


HPGe 


mirror  #2 


laser 


focus  lens 


electron  beam 


fig.  2  The  designed  experimental  setup 


and  can  also  be  expressed  as 


^2  ~ 


4  y\ 

\  +  %-+y2e2 


A.  Optical  System 

The  laser  beam  was  designed  to  pass  a  beam 
(2)  expander,  a  mirror,  a  focus  lens,  and  a  mirror  with  a  hole. 

The  hole  was  there  to  clear  the  path  of  the  backscattered 
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photons  to  the  detector.  We  chose  a  suitable  expanded 
beam  size  to  decrease  the  laser  beam  loss  due  to  the  hole 
on  the  second  mirror.  An  expander  with  suitable 
expanding  rate  was  chosen  to  increase  the  backscattered 
photon  number.  After  a  series  of  calculation,  the 
functional  dependents  of  the  laser  beam  size  at  different 
location  w(z)  on  the  focal  length  and  the  location  of  the 
focus  lens  is  shown  below. 


H>  = 


A2+(Az  +  fl)2-£r 


[A x (Cz  +  D)-(Az  +  B)x  C]-^r 


(5) 


where  w  is  the  laser  beam  size,  A,B,C,D  are  the  values  of 
the  entries  of  the  transformation  matrix  (also  called  as 
ABCD  matrix)  of  the  system  which  we  are  considering.  X 
is  the  laser  wavelength,  wQ  is  the  original  laser  beam 
waist,  and  z  is  the  longitudinal  position  with  origin  at  the 
location  of  the  focus  lens.  The  dependent  of  the  focal 
length  and  the  location  of  the  focus  lens  are  through  the 
ABCD  and  the  z.  The  comparison  of  the  laser  beam  size 
change  for  different  focal  lengths  was  shown  in  fig3. 


fig,  3  laser  beam  size  vs.  logitudinal  location  z 

For  the  beam  profile  change  of  the  Gaussian  beam  and  the 
effect  of  the  hole  on  the  mirror,  we  correct  eq.  (4)  to 


Y  = 


2  PoN. 


V 


‘fC?-£>*r 

A,  jiw 


(6) 


fig.  4  Photon  yield  vs.  the  expanding  rate  and  the 
focal  length 

B.  Detection  System 

The  detection  techniques  of  high  energy  photon  of  1 
MeV  order  of  magnitude  is  universally  applied.  The 
coaxial  HPGe  detector  was  chosen  for  the  reason  of  good 
detector  resolution,  therefore  increasing  the  accuracy  of 
the  beam  energy  measurement.  However  at  the  same 
time,  the  detection  efficiency  of  the  coaxial  HPGe  is  lower 
than  that  of  other  types.  The  definition  of  the  intrinsic 
efficiency  of  HPGe  is 

detected _  photon  _number 

e  = - — - - -  (7) 

photon _  number _  into_  the_  detector 

rewrite  as 

=  (8) 

A„ 


where  E  is  the  absolute  efficiency  of  HPGe,  A  and  Aa  are 
the  area  of  source  to  detector  sphere  and  the  HPGe  front 
surface  respectively.  The  empirical  formula  of  relative 
efficiency  of  HPGe  was  shown  as  M 


where  P  is  the  power  of  the  laser  light,  o  is  the  total  cross 
section  of  Compton  scattering,  w  is  the  radius  of  the  laser 
light.  Ah  is  the  transverse  beam  size  of  the  lost  laser  beam 
which  was  due  to  the  hole  on  the  mirror  #2  and  Ae  is  that 
of  the  electron  beam.  A  is  the  smaller  one  of  1  and  A^Ag, 
where  A!  is  the  transverse  beam  size  of  the  laser  beam, 
and  Zi  to  Z2  is  the  interaction  region  of  the  laser  beam  and 
the  electron  beam.  The  3D  plot  of  the  photon  yield  vs.  the 
expanding  rate  of  the  expander  and  the  focal  length  of  the 
focus  lens  was  shown  in  fig.  4.  The  optimum  condition 
was  chosen  as  that  the  expanding  rate  is  triple  and  focal 
length  is  6  meter. 


loge  =  con«.+51og£+  C(log£)2 
S  =  a\og{Vx)  +  b  (9) 

where  E  is  the  gamma  ray  energy,  a=0.6246,  b=-2.136,  VK 
is  the  active  volume  of  HPGe,  S  is  the  slope  of  the 
efficiency  curve,  and  C(logE)2  is  the  second  order 
corrected  term.  The  empirical  formula  is  useful  in  the 
range  up  to  3.55  MeV.  By  those  theoretical  calculations, 
we  plotted  the  scattered  photon  energy  vs.  photon 
number  as  shown  in  fig.  5.  Finally  we  can  estimate  the 
detected  backscattered  photon  number  by  taking  the 
detector  efficiency  into  account. 
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fig.  5  Theoretical  results  of  scattered  photon  energy 
vs.  photon  number. 

C..  Error  Analysis 

In  our  study,  we  take  the  effects  of  the  electron  beam 
energy  spread  AEe,  the  line  broadening  of  CO2  laser  Akj, 
and  the  resolution  of  HPGe,  Res,  into  account  to  predict 
the  backscattered  photon  energy  spread  Ak2  by  the  square 
root  sum : 

+&?+{Resf  (10) 

*2  V  E.  *. 

The  calculated  value  of  the  backscattered  photon  energy 
spread  at  3.03  MeV  is  05%. 

The  energy  uncertainty  of  the  1.3  GeV  electron  beam  is  to 
be  0.25%. 

IV.  DISCUSSION 

During  these  studies,  we  simplified  the  condition  of  the 
processes.  The  above  results  are  under  the  following 
assumptions : 

(1)  The  electron  beam  moves  in  the  center  of  the  orbit. 

(2)  The  alignment  of  the  laser  beam  to  the  electron  beam 
was  well  done. 

(3) The  effect  of  the  electron  beam  divergence  was  not 
taken  into  account  because  the  scattered  photon  energy  of 
the  non-head-on  collision  is  smaller  than  that  of  the  head- 
on  collision.  Therefore,  the  electron  beam  divergence  will 
cause  the  decrease  of  the  maximum  energy  photon 
number.  The  result  is  that  the  sharpness  of  the  maximum 
energy  spectrum  will  become  dull. 
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Abstract 

Coupling  bunch  and  ji-wave  instabilities  can  strongly 
affect  the  beam  behavior  in  cyclic  accelerators.  Stability 
conditions  depend  not  only  on  the  beam  characteristics,  but 
also  on  its  interactions  with  the  surrounding  enviroment. 
Transverse  coupling  impedance  and  transverse  kick  are  two 
parameters  usually  used,  in  frequency  and  time  domain 
respectively,  to  study  this  kind  of  interaction.  A  new  procedure 
of  measurements  is  proposed  in  order  to  calculate  the 
transverse  impedance. 

I.  INTRODUCTION 

A  <t>  Factory  machine,  DA4>NE  [I],  has  been  proposed  at 
the  National  Lab.  of  INFN  of  Frascati  -  Italy-  (a  general  talk  is 
presented  elsewhere  at  this  conference).  The  goal  of  this 
accelerator  is  to  reach  a  luminosity  of  1032  cm'2  sec'1  at 
510  MeV.  To  achieve  this  requirement  high  currents,  short 
bunch  lengths,  long  lifetimes  and  high  stable  beam  are 
required.  All  these  requirements  are  strictly  related  to  the 
design  of  the  whole  machine  and  they  can  be  affected  by 
intrabeam  scattering,  p-wave  instabilities,  coupled  bunch 
instabilities,  whose  thresholds  are  linked  to  the  vacuum 
chamber  geometry,  to  RF  cavity  properties  depending  on  the 
interaction  of  the  bunch  with  the  surrounding  structure 
(coupling).  A  problem  of  great  importance  is  to  keep  both 
longitudinal  and  transverse  machine  impedances  at  a  low 
value.  This  means  that  all  the  accelerator  components  like 
kickers,  bellows,  etc.  that  can  give  a  big  contribution  to  the 
total  impedance,  have  to  be  carefully  designer  and  tested  before 
the  installation.  From  this  the  necessity  of  a  laboratory 
method  to  measure  impedance  follows,  which  has  to  be  used 
as  a  feedback  on  the  design  of  the  machine  elements. 

We  propose  to  use  the  coaxial  wire  method  [2]  instead  of 
the  frequency  perturbation  one  [3],  because  of  the  low  quality 
factor  (Q)  linked  to  the  low  impedance  to  be  measured  in  our 
components.  The  technique  transforms  the  Device  Under  Test 
[DUT]  in  a  coaxial  line  by  putting  in  two  wires  [4],(5],t6J.  In 
this  paper  a  proper  procedure  has  been  developped  in  order  to 
deembend  the  transverse  impedance  due  to  the  DUT. 

II.  IMPEDANCE  CALCULATION 

The  measurement  is  performed  by  means  of  a  two-wire 
transmission  line  located  on  the  axis  of  the  beam.  The  line  has 
a  resistance  Ro  .  an  inductance  Lo  and  a  capacitance  Co  per 
unit  length.  The  device  under  test  (DUT).  by  means  of  the 
coupling,  produces  an  extra  term  £  =  R+jX  .  so  that  the 
propagation  constant  of  the  line  becomes 


*4  =  V(toL0  -  jR0  ■  jC  )  <uC0  (1). 

As  a  consequence,  the  scattering  parameter,  referred  to 
the  characteristic  impedance  of  the  line,  becomes: 

=  exp  ( -j  kd  L)  (2) 

where  L  is  the  total  length  of  the  line. 

If  the  same  measurement  is  performed  replacing  the  DUT 
with  a  smooth  pipe  of  uniform  cross  section,  the  scattering 
parameter  becomes: 

S,2  =exp(-jkrL)  (3), 

where  _ 

kr  =  V(0)Lo  -  jR0  )  (oCQ  (4). 

If  the  distributed  impedance  £,  induced  by  the  device,  is 
small  compared  to  the  quantity  (Rch-jgjLo) .  we  may  linearize 
the  propagation  constant  kd  as  a  function  of  £  and  get 

/S“2r  =exp(-CIV2Zo)  (5), 

where  the  characteristic  impedance  Zq  is 

20  V  jcoCo  (6)' 

Finally  the  trans-’-rse  impedance  is 

ZT“2»  (7). 

where  A  is  the  distance  between  the  two  wire  centers  of  the 
line. 

III.  THE  MEASURING  TECHNIQUE  PHILOSOPHY 

Allowing  for  the  scattering  matrix  S.  we  see.  according  to 
its  definition,  that  this  quantity  is  a  function  of  a  reference 
impedance  Z(. : 

S  =  (Z-  ZglMZ  +  ZcI)'1  (8). 

This  can  be  better  seen,  in  the  case  of  a  symmetrical 

device,  from  the  expression  of  the  scattering  parameters  as  a 

function  of  the  hybrid  parameters: 
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Most  measuring  devices  give  the  values  of  the  scattering 
parameters  calculated  on  the  basis  of  the  equations  (9)  and  ( 10) 
with  Zc  =  50  Q. 

On  the  other  hand,  if  the  value  of  Zc  can  be  set  equal  to 
the  charactericstic  impedance  Zq  of  the  two  wire  transmission 


line,  then  the  scattering  parameters  take  the  form 


S 


o 

12 


II 

1 

4. 

=r 

—  N> 

(ID 

C°  _  C°  _  rt 

Sll  322  U 

(12). 

In  this  case,  and  only  in  this  case,  the  scattering  parameter 
S12°  can  be  correctly  interpreted  as  the  phasor  exp(-j0  ) , 
whose  complex  angle  is  the  phase  lag  and  the  attenuation  of  a 
progressive  wave  along  the  wires  (see  eqs.  2,3). 

In  order  to  measure  correctly  the  scattering  parameters,  we 
adopt  the  following  procedure: 

i)  we  measure  the  entire  scattering  matrix  Sc  for  a 
configuration  formed  by  the  two  spacers,  directly  connected, 
and  the  two  adaptors,  as  depicted  in  figure  (la); 

ii)  we  measure  the  entire  scattering  matrix  S  for  a 
configuration  formed  by  the  device,  two  spacers  and  two 
adaptors,  as  depicted  in  figure  (lb). 

o 

It  has  been  shown  [7]  that  the  scattering  parameter  S12 
referred  to  the  characteristic  impedance  Zq  can  be  calculated 
according  to  the  formula 

s°2  =— TT-  { 1  ( lSCL  - 1  sl  -  ls«  -  sl)  + 

z?>12  b12 

-j  V  lscL  -  LSI  |SC  -  Si  }  (13), 

where  L  is  (\  ® 


Applying  this  procedure  to  both  the  device  under  test  and 

od  or 

the  reference  pipe,  we  may  obtain  S  j  2  and  Si  2  by  plugging 
in  eq.  (13)  S1*  and  Sr  respectively.  Finally  resorting  to  eq. 
(7),  we  get  an  accurate  evaluation  of  the  transverse  impedance. 
Conversely,  errors  could  arise,  if  one  adopts  the  standard 
procedure,  namely  using  eq.  (9). 


Figure  1.  Schematic  diagram  of  experimental  set-up: 
a)  cone  adaptors;  b)  test  structure. 


IV.  EXPERIMENTAL  RESULTS 

The  measurements  were  performed  on  a  Accumulator 
kicker  prototype  90  cm  long  and  with  a  diameter  of  20  cm 
(fig. 2).  The  pipe  used  for  the  spacers  (5  cm  each)  has  an 
elliptical  shape,  as  the  real  vacuum  chamber  will  have,  with 
two  semiaxis  of  5.2  cm  and  1.75  cm  respectively.  Two 
cones,  50  cm  long,  have  been  used  to  slowly  match  the 
elliptical  tube  to  the  N  connectors  on  both  ends.  Two  I  mm 
wires,  spaced  10  mm.  were  stretched  in  the  tube  center.  An 
elliptical  tube,  same  spacer  shape,  of  a  total  length  equal  to 
the  kicker  plus  the  two  spacers  has  been  used  as  reference  pipe 
inserted  between  the  tapers. 

For  the  data  acquisition  and  for  the  remote  control  of  the 
instrumentation  an  Hp  9000/300  computer  has  been  used 
connected  to  the  measurement  system  (Network  Analyzer 
(N.A.),  Sweep  Oscil.,  etc.)  through  an  Hp-IP  bus. 
Transmission  measurements  have  been  performed  in  the 
frequency  range  between  1  and  500  MHz. 


Figure  2.  Accumulator  kicker 

The  transverse  impedance,  calculated  by  means  of  the 
present  procedure  is  reported  under  fig.  (3),  while  the  one 
calculated  by  means  of  the  standard  method  is  reported  in  fig. 
(4).  Comparing  the  two  results  the  following  comments  are 
in  order 

a)  the  resonances  appearing  in  fig.  (3)  are  those  foreseen 
from  numerical  simulation;  however  the  spike  close  to  330 
MHz  cannot  be  explained.  We  have  reasons  to  belive  that  this 
arises  from  the  ambiguity  in  the  numerical  calculations  in  the 
square  root  in  eq,(13). 

b)  the  coupling  resistance,  calculated  by  means  of  the 
present  procedure,  is  positive  except  in  a  very  small  frequency 
range  (see  above),  while  the  one  calculated  oy  the  standard 
methods  exhibits  negative  valuesin  wide  range  of  frequencies; 

c)  the  discrepancy  is  even  more  relevant  when  we  calculate 
the  transverse  kick,  where  the  resistance  is  weighted  by  the 
inverse  of  frequency,  as  the  value  is  wrong  at  low  frequencies. 

d)  from  the  FFT  analysis,  shown  in  fig.  (5),  we  leam  that 
the  multiple  reflections  have  been  largely  suppressed. 

Finally  it  has  to  be  pointed  out  that  the  goodness  of  the 
results  is  very  sensitive  to  he  matching  of  the  feeding  line  to 
the  adaptors,  as  the  large  amount  of  experimental  data  has 
shown.  The  results  are  even  better  if  the  matching  is  done  by 
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means  of  a  resistive  lumped  circuit,  improving  in  this  way  the 
signal-noise  ratio  by  reducing  the  contribution  of  multiple 
reflections. 


IMS  *»/«H  iMPCOANCE  calculation 
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Figure  3.  Transverse  impedance  calculated  by  present  method 
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Figure  5.  Time  domain  FPT  of  the  kicker  trasmission 
coefficient  calculated  by  present  method. 

Table  (1)  shows  the  values  of  the  transverse  kick  [8) 
calculated  from  the  measurements  obtained  with  the  present 
method  and  the  ones  produced  by  computer  simulations  [9], 
for  different  bunch  lengths  a.  The  agreement  looks  interesting. 


a  [cm] 

4 

6 

8 

12 

k  (exp.) 
fV/pCinl 

12.27 

11.20 

9.96 

7.50 

k  (sim.) 
fV/pCm] 

16.95 

11.88 

9.26 

6.40 

Table  1.  The  transverse  kick.  Comparison  between 
measured  data  and  numerical  simulations. 
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Figure  4.  Transverse  impedance  calculated  by  standard  method. 
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Abstract 

Beam  transfer  functions  (BTF),  giving  the  frequency 
domain  response  of  the  beam  to  an  external  excitation,  are 
widely  used  to  measure  the  impedance  of  the  beam 
environment,  to  analyse  stability  conditions  and  to  determine 
the  true  momentum  distribution  in  spite  of  strong  signal 
shielding  in  dense,  cooled  beams.  A  problem  encountered  in 
low  intensity  (antiproton  and  rare  ion)  storage  rings  is  the 
unwanted  noise  on  the  BTF  signal. 

We  have  developed  a  method  of  noise  suppression  which 
may  be  viewed  as  gating  in  time  domain:  Transforming  (by 
software)  the  BTF  into  time  domain,  cutting  off  the  tail  after 
the  response  decayed  and  going  back  into  frequency  space  we 
obtain  a  significandy  cleaner  signal.  The  tail  of  the  time 
response  contains  information  on  beam  and  system  noise 
which  can  be  treated  separately.  Results  obtained  on  the  low 
energy  antiproton  ring  LEAR  are  discussed. 


I.  THE  TIME  GATING  TECHNIQUE 

A.  The  time  gating  technique  and  its  application  to  BTF 
measurements 

Definitions: 

A(t)  =  digitized  time  trace  containing  the  excitation 
signal 

B(t)  =  digitized  time  trace  containing  the  beam  response 
signal 

Bcerr  ( t )  =  part  of  the  beam  response,  which  is  correlated  to 
the  excitation  signal 

BMlu.(t)  =  Paft  of  the  beam  response,  which  is  not  correlated 
to  the  excitation  signal 

A(to)  =  discrete  (complex)  Fourier  transform  of  A(t)  [1] 


BTF  amplitude  in  frequency  domain 


BTF  phase  in  frequency  domain 


Figure  1.  S((o)  of  a  longitudinal  BTF  measurement  with  a 
coasting  beam  of  7.6- 109  protons  at  200  MeV/c  in 
LEAR,  revolution  frequency  =  0.796  MHz, 
centre  frequency  =  42.17  MHz, 

(Ap/pW^l.610-4 


The  fast  Fourier  transformer,  which  is  used  here  to 
measure  the  frequency  response  of  the  beam  to  a  band-limited 
noise  excitation,  digitizes  the  two  time  traces  /4(f)  and  B(t). 
The  two  data  sets  are  then  Fourier  transformed  into  frequency 
domain  and  the  ratio 


S(co)  =  ^ 
A(a) 


is  displayed  as  the  frequency  response  function  [2]  (Fig.  1). 
The  beam  response  consists  of  a  signal  contribution  Bccrr(t), 
which  is  correlated  to  the  excitation  and  which  represents  the 
BTF  proper,  and  of  non-correlated  signal  contributions 
Bir_r(t).  which  are  due  to  noise.  The  measurement  data 
S(to)  can  be  transformed  back  into  time  domain  by  a 
software  implemented  inverse  Fourier  transform: 


S-'(0  = 


KjJ)  ,  KJfj 

Mo  Mo 


BTF  measurement  transformed  into  time  domain 


time  axis  (ms) 


Figure  2.  The  inverse  Fourier  transform  of  the  BTF 
represents  the  beam  response  to  an  impulse 
excitation. 
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In  time  domain  the  correlated  part  of  the  signal  represents 
the  response  of  the  beam  to  an  impulse  excitation.  For  the 
damped  system  this  response  decays  rapidly,  whereas  the  non- 
correiated  part  is  distributed  over  the  whole  time  interval 
(Fig.  2). 

It  is  possible  to  separate  the  two  signal  contributions  by 
applying  a  weighting  function  to  the  data  in  time  domain  [3]. 
This  procedure,  which  is  used  to  leave  the  information 
included  in  a  specified  time  interval  unchanged  and  which 
suppresses  signal  contributions  outside  this  time  window,  is 
called  time  gating.  By  applying  a  weighting  function  with  a 
special  shape  (Hanning  window)  one  avoids  unwanted 
weighting  effects,  which  are  due  to  discontinuities  at  the 
borders  of  the  time  gate.  This  technique  is  implemented  in 
certain  network  analysers  and  frequently  used  to  separate  and 
suppress  reflection  contributions  from  the  required  signal 
[4], (51,(6], 


BTF  measurement  in  time  domain  after  time  gating 
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Figure  3.  In  time  domain  an  interval  can  be  specified,  in 
which  the  coherent  response  is  present.  The 
information  outside  -  which  is  due  to  noise  -  is 
suppressed.  This  procedure  is  called  time  gating. 


B.  Suppression  of  the  non-correlated  signal  contributions 


Once  the  time  interval  including  the  correlated 
information  is  established  and  the  time  gating  is  performed 
(Fig.  3),  the  Fourier  transform  into  frequency  domain  leads  to 
a  significantly  cleaner  BTF  signal  (Fig.  4): 


W«) 


^arr((fl)  s  BTF 
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C.  Analysis  of  the  non-correlated  signal 


It  is  also  possible  to  suppress  the  correlated  information 
included  in  the  specified  time  interval.  The  remaining  non- 
correlated  signal  can  be  Fourier  transformed  to  analyse  its 
frequency  domain  behavior. 

The  resulting  spectrum  consists  of  noise  from  the 
electronics  and  most  importantly  in  the  present  case  from  the 
beam  itself,  divided  by  the  amplitude  of  the  excitation  signal. 
If  the  power  of  the  exciting  signal  is  constant  over  the 
frequency  range  of  the  measurement,  this  signal  represents 
the  Schottky  signal,  that  would  have  been  observed  without 
exciting  the  beam: 


|A(co)| 


=  Schottky  power  spectrum 


Direct  Schottky  measurements  using  a  spectrum  analyser  are 
often  done  just  before  or  after  a  BTF  measurement,  because 
the  knowledge  of  both  makes  it  possible  to  calculate  the 
coupling  impedance  of  the  beam  with  its  environment  and  to 
reconstruct  the  true  momentum  distribution  (7], [8].  The 
comparison  of  the  Schottky-like  signal  with  the  Schottky 
measurement  is  a  tool  to  check,  if  the  cooling  (electron  or 
stochastic)  of  the  beam  was  in  an  equilibrium  state  during 
both  measurements  and  to  optimize  the  excitation  strength  for 
the  BTF  measurement. 

Fig.  5  gives  the  stability  diagrams  derived  from  the 
longitudinal  BTF  data  either  directly  smoothed  in  frequency 


BTF  amplitude  in  frequency  domain  after  gating  in 
time  domain 


Figure  4.  Gating  in  time  domain  and  transforming  back  into 
frequency  domain  leads  to  a  significantly  cleaner 
BTF.  Analysis  of  the  signal  outside  the  time  gated 
range  shows  that  its  main  contribution  is  due  to 
beam  Schottky  noise. 
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domain  or  cleaned  by  time  gating.  One  notes  the  difference 
near  the  "shaft"  of  the  stability  curve.  In  many  situations 
beam  stability  is  highly  sensitive  to  this  shaft  region,  which  is 
obtained  with  higher  accuracy  by  gating  out  the  noise  on  the 
BTF.  To  avoid  unwanted  weighting  effects  in  this  region  the 
width  of  the  time  gate  has  to  be  large  compared  to  the 
damping  time  X  of  the  beam  response  (typically  10  x ). 

H.  CONCLUSION 

The  application  of  the  time  gating  technique  allows  an 
efficient  separation  of  the  BTF  signal  from  noise. 

The  suppression  of  the  beam  Schouky  noise  is  of  great 
importance.  Using  time  gating,  the  BTF  excitation  strength 
can  be  decreased,  measurements  can  be  performed  with 
beams  of  lower  intensity,  and  the  stability  conditions  of  the 
beam  can  be  determined  with  high  precision. 

By  comparing  the  Schottky-like  non-correlated  signal 
contribution  with  a  normal  Schottky  measurement,  the 
excitation  strength  can  be  controlled. 

Apart  from  the  narrow  band  measurements,  broad  band 
BTF  data  from  the  CERN  antiproton  machines  have  been 
cleaned  using  the  time  gating  technique  to  adjust  e.g.  the 
stochastic  cooling  systems. 
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Figure  5.  In  this  "stability  diagram"  the  beam  response  of  figure  1  and  figure  4  is  shown  in  the  complex  plane 
rather  than  in  an  amplitude  and  phase  diagram.  The  effect  of  time  gating  becomes  important  at  low 
particle  numbers  and  low  excitation  strength. 
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Abstract 

A  method  is  described  to  make  a  direct  measurement  of  the 
horizontal  and  vertical  momentum  dispersion  of  the  electron 
and  position  beams  as  they  pass  through  the  chromatic 
correction  sections  (CCS)  of  the  SLC  final  focus  systems. 
The  method  is  advantageous  since  it  cleanly  separates  betatron 
components  of  the  beam  size  from  dispersive  components,  can 
be  measured  during  standard  colliding  beams  machine 
conditions  in  a  minute  or  two,  and  directly  measures  the 
energy-position  correlation  within  the  beam. 

I.  INTRODUCTION 

A  dispersion  measurement  in  circular  accelerators  usually 
requires  sampling  an  off-energy  orbit  with  beam  position 
monitors.  The  cyclic  boundary  conditions  provide  a  closed 
dispersion  function  which  is  measurable  by  observing  the 
beam  centroid.  In  linear  colliders,  however,  varying  the  beam 
energy  at  some  point  in  the  beam  line  and  observing 
downstream  beam  centroid  positions  measures  the 
position/energy  transfer  matrix  element  (e.g.  Rl6)  from  the 
point  of  energy  change  to  the  orbit  observation  point  If  a 
dispersion  source  exists  upstream  of  the  energy  variation 
point  its  contribution  to  the  total  dispersion  function  will  not 
be  measured.  Since  it  is  usually  important  to  remove  all 
energy-position  correlations  to  minimize  the  transverse  beam 
size,  a  beam  centroid  based  correction  technique  as  used  in 
circular  machines  may  not  fully  correct  the  total  beam 
dispersion.  Furthermore,  other  sources  of  beam  energy  spread 
(e.g.  synchrotron  radiation  in  the  SLC  collider  arcs)  produce 
energy-position  beam  correlations1  which  are  not  measured 
with  a  simple  beam  centroid  observation  technique. 

In  the  SLC  final  focus,  residual  dispersion  at  the 
interaction  point  (IP)  has  normally  been  corrected  by  varying 
the  beam  energy  at  the  end  of  the  linac  and  setting  quadrupoles 
of  the  final  focus  dispersion  matching  section  to  cancel  the 
correlated  transverse  beam  motion  at  the  beam  position 
monitors2  (BPM).  Because  of  the  strong  magnification  of  the 
sine-like  betatron  phase  in  the  final  focus  and  the 
demagnification  of  the  cosine-like  phase,  the  resolution  of  the 
angular  IP  dispersion,  rj’*  (sine-like),  using  the  BPMs  is  very 
good,  but  the  resolution  of  the  spatial  IP  dispersion,  tj* 
(cosine-like),  is  very  poor.  Therefore,  tj*  is  actually  corrected 
by  minimizing  the  IP  beam  size  with  closed  trajectory  bumps 
in  the  sextupoles  of  the  CCS,  or  more  recently,  with  four 
small  CCS  correction  quadrupoles3.  Unfortunately,  the  BPM 
method  actually  corrects  the  R26  transfer  matrix  element  from 
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linac  to  IP  and  the  R2 6  is  not  necessarily  equal  to  the  total  IP 
energy-angle  correlation,  if*. 

The  actual  if*.  and  a  finite  beam  energy  spread,  produces 
larger  angular  divergence  at  the  IP  (larger  beam  size  at  the  final 
triplet)  which  may  increase  detector  backgrounds  through 
bremstrahlung  of  the  more  intense  focusing.  In  order  to 
compensate  for  increased  detector  backgrounds  the  total 
divergence  must  be  reduced  with  upstream  final  focus  beta 
matching  quadrupoles.  This  divergence  reduction  has  the 
undesirable  effect  of  increasing  the  beam  size  at  the  IP 
(increase  of  P  *).  For  this  reason  the  actual  r/’*  must  be 
minimized.  Therefore  it  is  useful  to  find  a  fast,  direct  method 
to  measure  the  energy-position  correlations  in  the  beam  which 
are  present  under  normal  machine  operating  conditions. 


II.  APPLICATION  TO  THE  SLC 
The  most  useful  place  to  measure  the  total  accumulated 
beam  dispersion  in  the  SLC  is  in  the  final  focus  just  before 
the  beams  are  squeezed  down  to  transverse  sizes  of  -2  pm.  In 
order  to  provide  separation  of  betatron  beam  size  components 
from  dispersive  components  some  section  with  bending  is 
necessary.  The  nominal  bending  and  optical  symmetries  of  the 
final  focus  CCS  (Fig  1)  are  ideal  for  this  purpose. 


wire-1 


beam 


-1  0 
0  -1 


r~  wire-2 


Fig  1.  Schematic  of  the  chromatic  correction  section  of  the  final 
focus  system  with  wire  scanner  locations  indicated  (sextupoles  are 
drawn  as  hexagons).  The  interaction  point  (not  shown)  is  located 
downstream  of  bend  B1  by  a  betatron  phase  advance  of  x. 


Wire  scanners  at  the  two  points  in  the  CCS  where  the 
horizontal  dispersion  is  a  maximum  are  used  to  compare  the 
beam  sizes  at  these  two  locations.  In  order  to  cancel  geometric 
aberrations,  the  4x4  linear  transfer  matrix  between  nested 
sextupoie  pairs  is  -I.  This  -/  matrix  between  the  first  wire 
scanner  ( wire-1  in  Fig  1)  and  second  wire  scanner  ( wire-2 ) 
ensures  equal  beta  functions  at  the  two  wires. 

)8xl  =  Px2  s  Px ,  Py\  -  Pyi-  Pj  (1) 


Propagating  the  horizontal  dispersion  function  from  wire-1  to 
wire-2  yields 

Tlx t  +  V* 2  =  R]6  *  2r?x  .  (2) 

where  the  transfer  matrix  element  Ri6  (=540  mm)  from  wire-1 
to  wire-2  is  solely  defined  by  the  local  lattice  (B2  horizontal 
bending  dipoles  in  Fig  1).  Similarly,  an  incoming 
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mismatched  component  of  the  dispersion  function.  At], 
including  all  upstream  sources  of  position-energy  correlation, 
will  propagate  freely  through  the  final  focus. 

AtJxljl  -  -At]x2j2  *  At]xy  (3) 

Here  At]Xi,yi  is  the  residual  spatial  component  of  the 
dispersion  at  wire-i. 

These  beta  and  dispersion  functions  contribute  to  the  beam 
sizes  at  the  wire  scanners  in  different  ways.  Writing  the 
transverse  position  of  a  particle  at  each  wire  location,  using 
the  -/  matrix  between  them,  and  expressing  the  random 
fractional  energy  deviation  as  5*  SEJE  (=5p/p  for  these  ultra- 
relativistic  electrons/positrons)  yields 

Jci  =  xp  +  (rjx  +Aifx)S 

xi  =  -xp  +  (7J,  -AT]x)8  (4) 

yi  -  yp  +  Ariy8 

y2--yp-ATtyS 


wire  scan  direction  ►  +y 


+x  - 1 

Fig  2.  Horizontally  installed  SLC  wire  scanner  viewed  in  the  beam 
direction.  Leftmost  wire  is  the  U-wire,  center  is  the  X-wire,  and 
rightmost  is  the  V-wire. 

With  this  horizontal  scan  direction,  the  beam  profile  is 
measured  along  the  X-axis,  as  well  as  the  U  and  V-axis. 

<u2>  =  ^-(<x2>  +  <y2>)  +  <xy>  (9) 


where  xp,yp  are  betatron  position  components  at  wire-1 
which  reverse  sign  through  the  -/  transfer  to  wire-2.  These 
betatron  components  may  also  be  expressed  in  terms  of  the 
transverse  beam  emittances,  ex  and  ey  (all  random  variables 
throughout  are  assumed  to  have  zero  mean). 

<x}>  b  Exfix  ,  <y}>  a  Eyfiy  (5) 

Since  Ai\xy  includes  all  position-energy  correlations,  then 
by  definition  xp  and  yp  will  not  be  correlated  with  8  (i.e. 
<XpS>  =  <y p8>  =  0).  The  beam  sizes  at  the  wires  are  then 

<jc(2>  =  expx  +  (ih  +  2t}xAi)x  +  At}x)<82>  ,  (6) 

<Xj>  =  Exfix  +  (I}2 -  2r/rdTjx  +  At]x)<82>  ,  (7) 

<y?>  =  £yfiy  +  At)2<82>  =  <yl>.  (8) 

From  the  difference  of  (6)  and  (7),  and  knowledge  of  the 
beam  energy  spread,  comes  the  mismatched  component  of  the 
horizontal  dispersion,  Atjx.  However,  the  vertical  beam  sizes 
at  wire-1  and  wire-2  are  always  equal  (8)  since  there  is  no 
vertical  bending  between  wires.  So  measurement  of  the 
vertical  beam  profile  is  not  as  useful  to  measure  dispersion. 
The  vertical  dispersion  can,  however,  be  measured  by 
observing  the  X-Y  coupling  it  generates  in  the  presence  of  the 
nominal  horizontal  dispersion.  The  X-Y  coupling  is  measured 
by  taking  advantage  of  the  3-wire  orientations  of  the  available 
SLC  wire  scanners4.  The  best  resolution  of  Ar\^y  is  achieved 
using  a  horizontal  scan  direction  (given  wire  orientations  on 
the  support  fork  of  Fig  2). 

The  leftmost  wire  in  Fig  2  ( U-wire )  scans  the  beam  profile 
along  u  =  (x  +  y)/V2.  The  rightmost  wire  ( V-wire )  scans 
along  v  a  (x  -  y)hl2.  All  other  SLC  wire  scanner  installations 
are  rotated  45  degrees  to  Fig  2  such  that  X,  Y,  and  U  beam 
profile  scans  are  made4. 


<v2>  =  j(<x2>  +  <y2>)  -  <xy> 
From  (4),  the  X-Y  coupling  term  at  each  wire  is 
<xiyi>  =  <xpyp>  +  AijxAT\yos  +  ij xAr}yos 

<xiyr>  =  <xpyp>  +  AT]xAT\yOg  - 


(10) 


(11) 


(12) 


with  <Xpyp>  as  the  observable  phase  of  the  betatron 
component  of  X-Y  coupling,  and  of  -  <S?>.  Using  (6) 
through  (12)  yields  an  over  determined  linear  system  relating 
the  discernible  beam  size  components  to  the  six  measured 
beam  profiles  at  the  two  wires. 
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<xpyp>  +  ArtxArtyOs 
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The  spatial  components  of  the  mismatched  dispersion  are  then 

(2o?i  +  Ou\  +  C2i  -  2 0x2  -  oh  -  oh) 

Ar\x  =  - ; - ,  (14) 
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where  the  notation  a2  has  replaced  expectation  brackets  and 
the  energy  spread,  Og  ,  must  be  known  from  other 
measurements.  In  practice,  a  weighted  fit  using  (13)  and  the 
measurement  errors  is  employed. 

in.  Resolution  and  errors 

For  reasons  described  in  the  introduction,  a  tolerance  may 
be  specified  on  rj’*.  The  present  background  limited  IP 
divergence,  3e,  is  300-350  pr ad  rms.  Given  typical  SLC  IP 
energy  spread,  as,  of  -0.2%  rms,  a  tolerance  on  lrj’*l  of 
£50  mrad  limits  the  related  transverse  IP  beam  size  increase, 
O/p/CflPQ,  to  £5%. 


flg>  _  _ Ctg _ 


£  1.05 


(16) 


Due  to  the  me  +ji/2  (n  =  1,2)  betatron  phase  advance  from 
the  CCS  wire  scanners  to  the  IP,  At ix,y  at  wire-1  translates 
into  T/’  *x,y  through  the  1?12  (--3.2  m)  and  /?34  (=-1.2  m) 
matrix  elements  from  wire-1  to  IP. 
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The  resolution  of  the  IP  angular  dispersion  from  (14),  (15), 
and  (17)  is 


<V 


g/tV4crx  +  ffu  +  a v 

/ii2R\2iU0s 


(18) 


=  Or1oZ  +  o?  (19) 

V2R34ij*<Ta2 

with  a*  as  the  CCS  wire  scanner  instrumental  resolution  (-50 
pm),  and  ax,  au,  and  <rv  as  the  measured  beam  profiles  at  the 
wires  (in  this  case  assumed  equal  at  both  wires  for  simplicity). 
From  the  approximate  SLC  CCS  beam  parameters 


error  for  rjy’*.  An  achievable  relative  roil  error  between  wire-1 
and  wire-2  of  £1°  produces  an  apparent  lrjy’*l  of  £8  mrad. 

Turtle5  tracking  calculations  have  shown  no  significant 
systematic  error  in  the  measurement  of  t]'* x,y  produced  by 
local  sextupole  aberrations  (<1  mrad),  or  by  full  scale  tuning 
of  the  nearby  IP  dispersion  correction  quadrupoles  (<8  mrad). 

IV.  Correction  scheme 

The  actual  correction  algorithm  requires  a  scan  of  the  CCS 
wires,  and  the  use  of  (13)  and  (17)  to  fit  few  r)'*x,y  ■  Next  the 
X  and  Y  beam  sizes  at  the  IP  are  minimized  with  the  small 
CCS  correction  quadrupoles  (using  beam-beam  deflections6  to 
measure  the  beam  sizes)  and  these  quadrupole  settings  are  used 
to  calculate  the  existing  residual  rj*x,y.  The  values  of  residual 
angular  and  spatial  IP  dispersion  are  then  back-propagated  to 
the  final  focus  dispersion  matching  section  (upstream  of  the 
CCS).  A  non-linear  fitting  program2  is  then  used  to  calculate 
the  new  settings  of  the  dispersion  matching  section 
quadrupoles  in  order  to  cancel  the  residual  angular  and  spatial 
IP  dispersion,  and  the  CCS  correction  quadrupoles  are  reset  to 
zero.  The  IP  beam  sizes  are  finally  minimized  one  more  time 
with  the  CCS  correction  quadrupoles  to  fine  tune  the  beam. 

With  the  residual  dispersion  corrected  at  the  wires,  (13) 
may  also  be  used  to  fit  for  the  betatron  X-Y  coupling  term, 
which  would  otherwise  be  improperly  measured  in  the 
presence  of  significant  residual  dispersion. 
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Abstract 

An  experiment  on  the  Ground  Test  Accelerator  (GTA)  for 
the  Neutral  Particle  Beam  (NPB)  at  Los  Alamos  commissioned 
the  intermediate  matching  section  (IMS)  and  a  single  3.2-MeV 
drift  tube  linac  (DTL).  A  diagnostic  platform  or  D-plate  was 
used  at  the  output  of  the  DTL  in  order  to  measure  various  beam 
parameters,  The  D-plate  and  other  diagnostic  devices  located 
in  the  IMS,  provided  measurement  of  the  horizontal  and 
vertical  beam  position,  current,  energy,  and  output  phase. 
These  instruments  were  installed  to  perform  a  complete  beam 
jitter  analysis  based  on  the  current  beamline  configuration  to 
better  understand  the  causes  of  any  jitter  sources  as  well  as  to 
prepare  for  the  initial  design  of  future  feedback  control 
systems.  The  study  explored  all  types  of  jitter  for  various 
beamline  configurations.  Both  interpulse  jitter  (jitter  from 
pulse  to  pulse)  and  intrapulse  jitter  (jitter  within  each 
macropulse)  were  investigated.  Spectral  and  statistical  time 
analyses  were  used.  Spectral  analysis  was  employed  to  gain  an 
understanding  of  the  spectral  contributions  of  various  jitter 
sources  to  determine  the  degree  of  correction  possible. 
Statistical  time  analysis  gave  a  good  overall  representation  of 
the  jitter  magnitude  and  allowed  easy  comparison  of  jitter  for 
different  beamline  configurations,  as  well  as  an  easy  method 
for  determining  consistent  problems. 

I.  INTRODUCTION 

Jitter  data  were  collected  during  the  GTA  Experiment  2 A 
run  in  October  and  November  of  1992.  The  beamline 
consisted  of  an  H'  ion  source  and  injector,  followed  by  an  RFQ 
(Radio  Frequency  Quadrupole),  an  IMS  used  to  match  the 
RFQ  output  to  the  DTL  input  in  the  transverse  and  longitudinal 
phase  space),  a  DTL,  and  a  D-plate.  The  D-plate  contained 
various  diagnostic  devices,  including  three  microstrip  beam 
probes  (MBP),  a  toroid,  three  Faraday  cups,  and  a  slit  and 
collector  (for  transverse  emiltance  measurements).  The 
measurements  utilized  six  MBPs,  four  toroids,  and  a  Faraday 
cup  [1].  MBP  #1,  #2,  and  #3  were  located  in  the  IMS,  while 
MBP  #4,  #5,  and  #6  were  located  on  the  D-plate.  The  MBPs 
on  the  D-plate  were  separated  by  drifts,  thus  allowing  beam 
trajectory  angle  and  time-of-flight  energy  measurements. 
Toroids  #1  and  #2  were  located  just  before  and  after  the  RFQ, 
toroid  #3  was  located  in  the  IMS,  and  toroid  #4  was  located 
on  the  D-plate.  The  DTL  output  phase  measurements  were 
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obtained  by  comparing  the  phase  of  the  DTL  electric  fields  to 
the  phase  of  the  MBP  #4  signal.  Both  the  MBPs  and  the 
toroids  produce  measurements  of  the  beam  current.  The  MBP 
current  measurements  (referred  to  as  intensity)  produces  an 
output  proportional  to  the  peak  bunch  current  at  any  given 
point  in  time.  The  toroid  measures  the  average  beam  current 
integrated  over  time.  Note  that  the  data  presented  here  are  just 
a  subset  of  the  total  data  taken. 

II .  MEASUREMENT  DESCRIPTION 

Intrapulse  data,  which  are  composed  of  multiple  data 
points  taken  within  a  single  macropulse  were  taken.  Using  a  4- 
channel,  12-bit  digitizer,  we  were  able  to  take  data  at  5 
megasamples  per  second.  A  2.0-MHz  analog  filter  was  used 
on  the  input  of  the  digitizer  to  remove  any  aliased  frequency 
spectra.  Each  macropulse  was  roughly  300  psec  long,  and 
therefore  1500  points  per  macropulse  were  taken.  We 
collected  25  consecutive  macropulses  on  each  of  the  four 
digitizer  channels  for  many  different  accelerator 
configurations.  Various  combinations  of  beam  position, 
current,  energy,  and  DTL  output  phase  were  taken 
synchronously.  Data  presented  were  taken  with  all  cavities  and 
devices  operating  in-time  (the  RFQ,  both  IMS  cavities,  and  the 
DTL),  and  with  the  steering  quads  set  .c  their  nominal  design 
values. 

ID.  PROCESSING  OF  DATA 

A  brief  description  of  the  algorithm  used  to  produce  the 
power  spectrum  plots  is  given  below: 

1)  Conversion  from  raw  digitizer  counts  to  appropriate  units 
(ma,  mm,  MeV,  degrees) 

2)  Removal  of  data  points  outside  the  macropulse 

3)  Removal  of  dc  component 

4)  Data  was  windowed  using  Von  Hann  window 

5)  The  FFT  of  the  data  was  taken 

6)  The  magnitude  of  the  data  was  taken 

7)  Each  value  was  divided  by  the  number  of  data  points 

8)  The  magnitude  of  each  value  was  squared 

9)  Each  value  of  the  spectrum  was  scaled  for  energy  lost  in 
windowing  and  display  of  one-sided  spectrum 

10)  The  deterministic  noise  components  created  by  the 
digitizer  were  removed 

11)  The  ensemble  average  of  the  various  spectra  was  taken 

12)  The  square  root  was  taken  to  get  the  root-mean  square 
(rms). 
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IV.  DATA  ANALYSIS 


•1.1 


Figures  1*6  show  the  rms  ensemble  averages  of  the  power 
spectrum  of  25  consecutive  macropulses  for  the  intrapulse 
data.  Table  1  lists  each  of  the  measurements  along  with  the 
average  mean  and  standard  deviation  for  the  25  consecutive 
macropulses.  The  mean  is  the  ensemble  average  of  time 
averages  for  each  macropulse.  The  standard  deviation  is  the 
square  root  of  the  ensemble  average  of  the  time-variance  of 
each  macropulse  [2],  [3].  The  mean  and  standard  deviation  of 
each  interpulse  data  set  is  also  given  in  Table  1. 

V.  RESULTS  AND  CONCLUSIONS 


u-m  x-mi  iv  <9 


In  most  of  the  position  measurements  there  is  an 
interesting  clump  of  frequency  spectra  located  around  1.95 
MHz.  These  spectra  show  up  in  the  microstrip  intensity 
measurement,  but  not  in  any  of  the  others.  Because  the 
microstrip  intensity  measurements  are  dependent  on  beam 
position  and  the  toroid  measurements  are  not,  it  can  be  inferred 
that  this  is  a  beam  position  phenomenon. 

There  is  a  fairly  clear  peak  at  about  0.95  MHz  in  all  of  the 
position  and  current  measurements  except  the  first  toroid  (not 
shown).  Because  this  is  the  only  device  (Receding  the  RFQ,  it 
can  be  inferred  that  this  peak  is  caused  by  the  RFQ.  There  is 
an  interesting  peak  at  0.55  MHz,  which  is  seen  in  plots  of  the 
toroid,  the  energy,  and  the  phase. 

Note  the  large  degree  of  low-frequency  movement  in  most 
of  the  plots.  Doubtless  some  of  this  is  leakage  from  the  dc 
component,  but  most  of  it  is  real  beam  jitter.  It  can  be  seen 
that  the  intrapulse  energy  and  phase  jitter  are  small,  typically 
0.048%  A  WAV  and  0.23  degrees  in  phase.  The  intrapulse 
current  jitter  was  measured  typically  at  less  than  1%. 


Figure  2  -  Averaged  Power  Spectrum 
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Figure  3  -  Averaged  Power  Spectrum 


Figure  1  •  Averaged  Power  Spectrum 


Figure  4  -  Averaged  Power  Spectrum 
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Figure  S  •  Averaged  Power  Spectrum 


Figure  6  -  Averaged  Power  Spectrum 


Table  1 

Time-Data  Statistics  for  Intrapulse  Data 


Measurement  Device 

Mean 

St.  Dev. 

Horizontal  position  at  MBP  #1 

341.427  pm 

0.564  pm 

Horizontal  position  at  MBP  #3 

61.377  pm 

0.611  pm 

Intensity  at  MBP  #3 

33.641  ma 

0.190  ma 

Current  at  toroid  #3  (IMS) 

32.544  ma 

0.326  ma 

Energy  from  MBP  #4  to  #6 

3.173  MeV 

1.525  Kev 

DTL  output  phase 

60.826  degrees 

0.232  degrees 
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Abstract 

In  the  considered  method  of  ion  beam  diagnostics,  in- 
formation  on  beam  parameters  is  taken  out  via  fast  neut¬ 
ral  particles  produced  in  definite  quantum  states  in  a 
specially  shaped  target  before  the  bending  transport  line 
area.  The  target  is  formed  so  that  these  particles  follow 
the  ion  velocity  in  magnitude  and  in  direction  with  accu¬ 
racies  required  for  measurements.  The  beam  parameters 
are  determined  in  a  convenient  area  outside  the  transport 
line  by  means  of  a  compact  magnetic  analyzer  and  elec¬ 
trons  produced  from  selective  photoionization  of  the  used 
quantum  state  of  the  fast  neutral  particles.  The  realiza¬ 
tion  of  such  diagnostics  in  the  area  of  charge-exchange 
H~  — ►  P  injection  of  meson  factory  storage  ring  is  con¬ 
sidered. 

1.  INTRODUCTION 

A  charge-exchange  method  of  particle  flux  control  in 
the  modern  accelerators  and  the  storage  rings  is  broadly 
used.  By  using  negative  ions  at  the  beginning  of  a  beam 
transport  line  and  forming  charge-exchange  targets  at 
various  transport  line  areas  a  convenient  separation  of 
high  energy  beams  can  be  realized.  A  charge-exchange 
process  in  a  target  always  leads  to  some  flux  of  fast  neu¬ 
tral  particles  (A0)  which  follow  the  ion  velocity  in  mag¬ 
nitude  (in  relative  units)  and  in  direction  (in  rad)  with 
high  accuracies.  At  present  various  methods  of  nonper- 
turbative  diagnostics  on  high-energy  H~  beams,  where 
information  on  the  beam  parameters  is  taken  out  via  the 
fast  H°  atoms,  are  proposed  [1-5].  The  disadvantages  of 
these  methods  are  a  long  drift  distance  in  time-of-flight 
measurements  of  the  energy  spectrum  [2]  or  the  large 
mass  and  size  characteristics  of  the  magnetic  analyzers 
when  the  H°  detachment  to  protons  is  used  in  the  mea¬ 
surements  [1,4].  A  new  method  of  ion  beam  diagnostics 
proposed  by  the  author  [6]  and  considered  in  this  paper 
allows  to  avoid  these  difficulties. 

2.  METHOD 

For  ion  beam  diagnostics  based  on  the  fast  neutral  par¬ 
ticles  A0  a  compact  apparatus  can  be  created  if  informa¬ 
tion  on  the  ion  energy  spectrum  then  is  passed  to  elec¬ 
trons.  A  maximum  accuracy  of  this  transformation  can 
be  realized  for  the  neutral  particles  in  a  definite  quantum 


state  in  an  optimum  shaped  photon  target.  A  quantum 
state,  photon  polarization  and  their  frequency  ui  in  the 
particle  rest  frame  are  chosen  so  as  to  achieve  a  neces¬ 
sary  accuracy  of  the  information  transfer  to  the  electrons 
and  a  required  ratio  of  photoionization  probabilities  of 
the  used  and  other  quantum  states.  A  kinematic  analy¬ 
sis  of  an  electron  detachment  after  the  photon  absorption 
by  the  fast  neutral  particle  A°(n)  in  the  quantum  state 
”n”  (photoionization)  shows  that,  depending  on  the  pho¬ 
ton  polarization,  the  created  electron  follows  the  particle 
energy  (in  relative  units)  and  momentum  direction  with 
accuracies: 

AEe/E'  ~  fi-ljC  '  v/2(““£")’ 

(l) 

where  we  use  the  atomic  units  (e  =  mc  =  h  =  1), 
Ee  =  Eo/M0\  0  and  7  are  relativistic  beam  parameters, 
M0  and  E0  are  the  mass  and  energy  of  the  neutral  parti¬ 
cle,  u  =  w„7(l  —  0  ■  cost]),  ujo  is  the  photon  energy  in  the 
laboratory  frame,  r\  is  the  lab.  angle  between  the  parti¬ 
cle  and  photon  momenta,  C  is  the  speed  of  light,  en  is 
the  photoionization  threshold  of  the  quantum  state  ”n”. 
Taking  into  account  a  maximum  cross  section  of  a  pho¬ 
toionization  near  the  threshold  e„,  the  best  accuracy  of 
an  information  transfer  on  ion  beam  parameters  to  the 
electrons  is  achieved  for 

(w  -  £n)m.n  ~  7^0  {|  A/?  •  \J3(  \  -  0COST})j2  - 

-COST}]  |  +0sinr}-  |  A 0,  ]},  (2) 

where  A/?,  A0,  are  the  spreads  of  the  particle  (ion)  ve¬ 
locities  in  value  and  direction,  respectively. 

As  an  example,  we  estimate  potentialities  of  such  di¬ 
agnostics  for  the  H~  beam  in  the  area  of  the  charge- 
exchange  injection  at  meson  factories.  Usually,  for  a  high 
(as  99%)  efficiency  of  the  H~  — *  P  transformation  carbon 
foils  are  used.  As  a  result  of  the  H~  destruction  the  H° 
atoms  (as  1%)  in  various  quantum  states  are  produced. 
A  relative  number  of  the  H°  atoms  in  the  quantum  state 
”n”  (£0n,n  =  1,2,...)  depends  on  the  H~  ion  energy, 
thickness  and  material  of  the  stripping  target  [7,8].  A  flux 
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of  the  fast  H°  atoms  leaves  the  ion  beam  after  the  strip¬ 
ping  foil  in  a  transport  line  area  with  a  bending  magnet. 
Except  a  charge  separation  in  the  magnetic  field  a  de¬ 
struction  of  some  quantum  states  of  the  H°  atoms  takes 
place.  Taking  into  account  the  H°(n)  -photoionization 
cross  sections  (see  for  example  [9]),  for  a  transfer  of  the 
information  on  beam  parameters  from  the  fast  H°  atoms 
to  the  electrons  conveniently  to  use  quantum  states  ”  Is” 
and  ”2s”  which  dominate  in  the  H°  flux.  Conditions  of 
an  optimum  photoionization  of  the  Is-  and  2s-quantum 
states  are  obtained  as  a  result  of  the  Monte  Carlo  simula¬ 
tion  of  the  elementary  acts  of  the  electron  creation  from 
the  ns-quantum  state  of  the  A0.  The  correspondent  prob¬ 
ability  distributions  of  the  electrons  in  the  spaces  of  trans- 
verse  momenta  (Px/P0,  Py/P0,  where  P0  =  -  £„)) 

and  energy  (Et)  in  the  laboratory  frame  (the  own  distri¬ 
butions)  are  obtained.  The  results  of  the  simulation  show 
that  for  a  transfer  of  information  on  the  transverse  beam 
emittance,  for  example  in  the  (X,  AT' )-plane,  to  electrons 
with  a  maximum  accuracy,  the  photon  target  must  be 
polarized  in  the  ( Y ,  Z)- plane  of  the  Cartesian  coordinate 
system  (X,  Y,  Z)  with  the  Z-axis  in  the  direction  of  the  A° 
flux.  X'  =  dX/dZ  is  the  ion  trajectory  slope  proportional 
to  the  transverse  momentum  Px.  The  corresponding  own 
distribution  of  electrons  f(Px,Py)  at  tj  =  x/4  and  3rr/4 
is  shown  in  Fig.l.  For  other  angles  rj  similar  distributions 


Figure  1:  The  own  distributions  of  electrons  in  the 
(Px,  Py)-space  for  the  A0(ns)-atom  photoionization  ( tj  = 
x/4,3x/4,  optimum  photon  polarization). 

but  with  a  various  distance  between  the  maxima  along  the 
Py-axis  are  obtained.  The  measurement  accuracy  of  A" 
in  the  considered  diagnostic  method  determined  by  the 
half-width  of  the  distribution  <p(Px)  =  /  f(Px,  Py)dPx  is 
independent  of  tj  and  equals 


mentioned  condition,  a  maximum  accuracy  of  the  infor¬ 
mation  transfer  on  the  longitudinal  beam  emittance  and 
the  ion  energy  spectrum  to  electrons  is  achieved  when  the 
planes  of  the  photon  polarization  and  the  A°(ns)-photon 
interaction  are  mutually  perpendicular.  The  correspond¬ 
ing  own  energy  distribution  of  electrons  in  dimensionless 
units  XS  =  [Ee  —  (7  —  l)C2]/(0.l7/?CP<,)  is  shown  in 
Fig. 2  and  independent  of  tj.  It  is  easy  to  see  that  the 


Figure  2:  The  own  energy  distribution  of  electrons  for  the 
■4°(ns)-atom  photoionization  (optimum  photon  polariza¬ 
tion). 

accuracy  in  determining  the  ion  energy  by  electrons  in 
relative  units  is  equal  to 

A Ee/Ee  «  (7°_4^  •  y/2(w  -  en).  (4) 

The  photon  targets  necessary  for  the  diagnostics  of 
the  H~  beams  with  various  energies  are  simply  realized 
when  the  information  on  the  beam  parameters  is  received 
through  the  H°  atoms  in  the  2s-quantum  state  (e2=3.395 
eV).  In  this  case,  e.g.  forming  the  optimum  photon  tar¬ 
get  by  means  of  V2-laser  (w0=3.678  eV)  at  tj  =  SS", 
the  accuracies  of  measurements  «  10~2%  in  energy  and 
«  3  10-5  rad  in  X'  can  be  obtained  for  the  H~  beam 
with  £*=600  MeV,  A/3//3  as  ±10~3  end  A as  ±10-3 
rad  at  the  Moscow  Meson  Factory  Linac  (MMFL).  For 
the  more  energetic  ions  with  E,  >  800  MeV  (LAMPF), 
the  information  on  the  beam  can  be  obtained  from  the 
intense  flux  of  the  H°  atoms  in  the  ls-quantum  state 
(601  «  50<5o2.£i  =  13.599  eV).  For  this,  the  optimum 
photon  target  is  simply  realized  by  means  of  a  fourth- 
harmonic  radiation  of  a  Nd:YAG-laser  (w0  =4.6595  eV). 
But  in  this  case  the  accuracies  of  the  measurements  of 
the  beam  parameters  are  abo.it  twice  *orse  than  in  the 
above-considered  case. 

3.  APPARATUS 


AA('rad] 


y/2(u»  —  gn) 

47 0C 


(3) 


The  measuring  apparatus  is  supposed  to  integrate  the 
electron  distribution  along  the  Py-axis  not  perturbing 
information  in  the  (Y,  X')-plane.  Unlike  the  above- 


For  measuring  the  electron  flux  parameters  and  deter¬ 
mining  through  them  the  corresponding  ion  beam  pa¬ 
rameters  a  compact  multifunctional  apparatus  which  is 
proposed  in  [10]  can  be  used.  The  apparatus  based  on 
a  dipole  magnet  (MA)  with  a  homogeneous  field  and  in- 
terpolar  distance  Dm  sufficient  to  pass  unhindered  all  the 
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Figure  3:  Schematic  of  measurement  apparatus. 

electrons  produced  from  a  photoionization  of  the  fast  neu¬ 
tral  particles  (see  Fig. 3). 

The  ion  energy  spectrum  and  longitudinal  beam  emit- 
tance  measurements  are  performed  according  to  a  scheme 
(Fig.3a)  well  known  for  magnetic  analyzers  where,  in¬ 
stead  of  a  diaphragming  slit  of  the  analyzer,  a  band-type 
photon  target  (O)  is  formed.  The  energy  spectrum  of  the 
ions  is  determined  according  to  the  spatial  distribution  of 
the  electron  flux  density  along  the  Y^-axis  on  the  detector 
Dei.  Electrons  with  momenta  needed  for  the  phase  anal¬ 
ysis  are  operatively  separated  by  means  of  the  diaphragm 
5,  when  a  sign  and  value  of  the  analyzer  magnetic  field 
are  changed.  The  longitudinal  emittance  of  the  ion  beam 
is  determined  according  to  a  combination  of  the  spatial 
distributions  of  the  selected  electrons  on  the  detector  De 2 
after  the  cavity  dispersed  in  phase  (CDP),  e.g.  with  a  cir¬ 
cularly  polarized  r/-field  [11]. 

For  measuring  the  transverse  emittance  in  the  (X,  X')- 
plane  and  the  X-profile  of  the  neutral  particle  flux  (and 
through  them  of  the  ion  beam  in  the  charge-exchange 
target  area),  the  band-type  photon  target  is  localized 
within  the  ( Y ,  Z)- plane  and  moves  in  parallel  along  the 
X-axis  (Fig. 3b).  A  computer  simulation  of  the  influence 
of  boundary  fields,  inaccuracies  in  adjusting  and  manu¬ 
facturing  of  the  magnetic  dipole  shows  that  electron  dis¬ 
tributions  on  the  detector  Dc\  along  the  X<*-axis  are  de¬ 
scribed  by  the  expression 

Xj  =  a  ■  X  +  b  ■  X',  (5) 

where  ”a”  and  ”6”  are  determined  only  by  parameters 
of  the  analyzer  chosen  and  can  be  defined  in  control  ex¬ 
periments  by  means  of  a  testing  electron  beam.  The  ion 
distribution  in  the  (X,  X')-plane  can  be  reconstructed  ac¬ 
cording  to  the  Xrf-distributions  of  the  electrons  on  the  de¬ 
tector  for  controllable  characteristics  of  the  photon  target 


(defining  a  probability  of  an  electron  generating)  and  its 
position  in  the  space  (X).  At  the  same  time  the  func¬ 
tional  dependence  of  the  integral  electron  flux  on  the  de¬ 
tector  upon  the  target  position  defines  the  beam  profile 
along  the  X-axis.  For  a  short  time  interval  (e.g.  during 
a  laser  pulse)  a  certain  information  on  the  ion  distribu¬ 
tion  over  the  (X,  X')-plane  can  be  obtained  by  means 
of  several  band-type  photon  targets  fixed  in  space,  cre¬ 
ated  and  separated  from  each  other  along  the  X-axis  by 
diaphragming  a  laser  radiation.  The  distance  between 
them  (SX)  is  defined  by  a  condition  of  the  electron  dis¬ 
tributions  overlapping  on  the  detector  along  the  Xj-axis. 

The  required  diagnostics  of  the  above  considered  H~ 
beam  at  the  MMFL  can  be  realized  during  a  time  of  rm  a 
1  s  by  means  of  the  H°(2s)  atoms,  pulsed  photon  tar¬ 
get  (as  300  kW/pulse,  A^-laser)  synchronized  with  the 
beam  and  apparatus  (see  Fig. 3)  with  <p  —  x,  R=  200 
mm,  L\  —  Li  =  0,  Dm—  40  mm,  spatial  resolution  of 
the  detectors  Ad  as  AY  as  AX  as  0.1  mm,  6X  as  1.3  mm 
and  projection  of  the  target  area  (where  the  electrons 
are  collected  from)  onto  the  Z-axis  A Zt  <  20  mm  (en¬ 
ergy  spectrum,  profile,  transverse  emittance)  or  AZt  <  1 
mm  (phase  analysis,  longitudinal  emittance).  A  value  of 
magnetic  field  of  such  an  electron  analyzer  is  H=  110  Oe. 
For  a  precise  operation  of  the  apparatus  spatial  position 
of  the  band-type  photon  target  should  be  controlled  with 
accuracies  of  6(X)  «  6(K)  <  0.1  mm,  a(X)  ~  a(V)  < 
3  mrad.  Moreover,  the  background  magnetic  fields  Hi, 
should  be  well  shielded  off,  as  well  as  required  accu¬ 
racy  of  the  magnetic  field  magnitude  H  in  the  analyzer 
(//»  a  6H  <  3  10-4//).  In  a  charge-exchange  area  at  the 
LAMPF  ( Ei=  800  MeV)  the  above  considered  apparatus 
allows  to  realize  more  operative  diagnostics  of  the  beam 
(through  the  intensive  flux  of  H°(ls)  atoms)  and  without 
detriment  to  the  measurement  accuracy. 
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Abstract 

A  correlation  method  of  nonperturbative  con¬ 
trol  on  the  ion  energy  spectrum,  beam  profile 
and  transverse  emittance  in  a  bending  trans¬ 
port  line  area,  is  suggested.  The  method  is 
based  on  measurements  of  the  cross-correlation 
function  between  a  flux  of  photons  or  parti¬ 
cles  from  a  probing  target  pseudorandomly  mo¬ 
dulated  in  time,  and  that  of  fast  information- 
carrier  convoy  particles  produced  in  the  target 
and  recorded  at  a  drift  distance.  Characteristics 
of  the  apparatus  used  to  realize  the  proposed 
diagnostic  method  by  means  of  time-integrated 
correlometers  based  on  charge-coupled  devices, 
are  considered  for  a  source  of  H~  ions. 

1.  INTRODUCTION 

For  high-brightness  ion  accelerators  it  is  im¬ 
portant  to  obtain  information  on  beam  parame¬ 
ters  not  affecting  them  appreciably  during  mea¬ 
surements  (nonperturbative  diagnostics).  For 
this  purpose  in  a  bending  transport  line  area 
fast  neutral  or  charged  convoy  particles  can  be 
used.  These  particles  are  produced  as  a  result  of 
ion  destruction  or  the  charge-exchange  process 
in  a  specially  shaped  target  which  is  practically 
transparent  for  a  beam  (for  H~  beams  see  [1-5]). 
The  target  is  formed  so  that  these  information- 
carrier  convoy  particles  (IN-particles)  follow  the 
ion  velocity  in  magnitude  (in  relative  units)  and 
in  direction  (in  rad)  with  accuracies  required 
for  measurements.  These  accuracies  can  be  es¬ 
timated  by  <  ( n„I0/MiEi )0  5  where  fi0  is  the 
reduced  mass  of  the  IN-paticle  and  the  remain¬ 
ing  part  of  the  ion  in  its  destruction  or  the  ion 


and  electrons  in  their  recombinanion,  I0  is  the 
affinity  energy,  Mi  and  E{  tire  the  ion  mass 
and  energy,  respectively.  In  sources,  for  ex¬ 
ample  of  negative  ions,  the  probability  of  IN- 
particle  generation  (17)  in  residual  gas  can  be 
quite  considerable  (for  the  neutral  IN-particles 
7?r  «  0.2  —  0.4).  In  this  case,  using  the  well 
known  methods  [1-5]  for  any  density  of  a  prob¬ 
ing  target,  it  is  impossible  to  separate  directly 
information  on  beam  parameters  from  a  flux  of 
background  IN-particles  on  a  detector.  The  cor¬ 
relation  method  of  nonperturbative  measure¬ 
ments  of  ion  beam  parameters  considered  in  this 
paper  allows  one  to  overcome  these  difficulties. 

2.  METHOD 

The  correlation  method  of  nonperturbative 
measurements  of  the  ion  energy  spectrum  has 
been  previously  proposed  [6,7].  It  is  based  on 
the  use  of  test  IN-particles  produced  in  a  tar¬ 
get,  pseudorandomly  modulated  in  time,  and 
detected  at  drift  distance  L.  To  measure  the 
transverse  beam  emittance,  for  example  in  the 
(Y,  y')-plane  (see  Figure),  one  or  a  few  thread- 
type  targets  parallel  to  the  (X,  Z)-plane  can 
be  formed  in  front  of  a  bending  transport  line 
area.  If  the  ion  beam  current  is  invariable  du¬ 
ring  measurements,  the  spatial  X-dimension  of 
the  target  must  be  required  for  reproducing  tar¬ 
get,  time  modulation  by  the  flux  4'®,,  of  test  IN- 
particles 

^*(<)  =  const{n)  ■  I2(t),  (1) 

where  1%  is  the  flux  of  photons  or  particles  in 
the  n-target.  The  targets  axe  fixed  in  space 
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and  separated  from  each  other  along  the  F-axis. 
When  one  target  is  used,  it  moves  in  parallel 
along  the  F-axis.  Taking  into  account  (1),  the 
autocorrelation  function  of  the  flux  of  test  IN- 
particles  on  a  m-detector  is  equal  to 

+oo 

KJr)  =  J  *;„(()  = 

— OO 

=  g  6(r-kT).  (2) 

k=- oo 

The  palsed  characteristic  hnm(t )  of  the  drift  dis¬ 
tance  from  the  n-target  to  the  m-band-type  de¬ 
tector  (F'  =  fix)  is  related  to  the  velocity  (V) 
distribution  of  IN-particles  ( t  =  LfV )  in  the 
n  —  m  direction  and,  hence,  to  the  energy  spect¬ 
rum  of  ions.  The  fluxes  of  IN-  particles  in  the 
n-target  area  (vEr")  and  on  the  m-detector  (/°m) 
are  related  by  the  convolution 


in  the  (F,  F')-plane  and  thus  on  the  beam  F- 
profile  and  transverse  emittance. 

In  reality,  we  must  form  such  targets  when 
convolution  (4)  of  hnm  and  R™m  does  not  change 
the  supposed  h„m(t)-function.  In  accordance 
with  [8],  this  condition  means  that  a  periodi¬ 
cally  replicating  element  of  the  autocorrelation 
function  of  the  7^-flux  must  have  a  sufficiently 
narrow  shape  in  time  with  width  A  C  rmax, 
where  hnm(r)  =  0  for  |r|  >  rmax,  and  its  period 
T  must  meet  the  condition  T  >  2  •  rmax.  Cor¬ 
relation  methods  measure  a  useful  signal  with 
a  background  which  is  several  orders  of  mag¬ 
nitude  more  than  the  signal.  Thus,  measuring 
by  ”n  x  m”  correlometers,  the  energy 
spectrum  and  distribution  of  ions  in  the  (F,  F')- 
plane  can  be  controlled  without  perturbation  of 
beam  parameters. 

3.  APPARATUS 


+oo 

=  <?„•  J  h„m(-r)-K(t-r)dr, 

0 

Ec--i,  (3) 

m 

where  +  \&£n,  is  the  flux  of 

background  IN-particles  produced  in  the  resi¬ 
dual  gas.  Taking  into  account  the  indepen¬ 
dence  of  and  ^pn  and  measuring  the  cross¬ 
correlation  function  between  the  fluxes  of  target 
particles  or  photons  and  IN-particles  on  the  de¬ 
tector 

+oo 

JC.W-  /  Ut)-fUi~r)dt  = 

—  OO 

+oo 

=  ■  J  hUt)  -RZ.(t  +  t)  *  =  (4) 

O 

+oo 

=  Bnm  ■  Y,  Km(r  -  kT ), 

k=0 

we  obtain  the  pulsed  characteristic  of  the  drift 
distance  in  the  n-m  direction  (I%m  oc  1%).  Using 
normalization  /  hnm(r)  dr  =  1,  we  get  from  the 
J?nm-matrix  information  on  the  ion  distribution 


Nonperturbative  measurements  of  ion  beam 
parameters,  for  example  in  a  source  of  H ~  ions, 
can  be  realized  according  to  the  scheme  shown 
in  Figure.  It  is  analogous  to  the  previously 
proposed  one  [7],  but  it  contains  ”n”  identi¬ 
cal  photon  targets  (Q)  and  photon  detectors 
(D^),  ”n  x  m”  correlometers  (C„m)  and  band- 
type  detectors  ( D°m )  of  fast  H°  atoms.  When 
probing  targets  are  formed  by  diaphragming  ra¬ 
diation  with  an  optimum  polarization  and  a 
wavelength  of  A  =  10600 A  from  the  Nd:YAG 
laser  with  synchronized  modes  (see  Fig.a,b),  the 
test  H°  atoms  follow  the  H~  velocity  in  mag¬ 
nitude  (in  relative  units)  and  in  direction  (in 
rad)  with  accuracies  of  ~  4  •  10-3  •  (JEj[keV])-0-5. 
The  series  duration  of  pseudorandom  radiation 
pulses  is  T,  «  100  ns  and  the  width  of  the  au¬ 
tocorrelation  function  is  A  «  50  ps  [9].  Thus, 
such  photon  targets  due  to  H~  photodetach¬ 
ment  can  efficiently  generate  test  IN-particles 
(H°)  and  allow  one  to  measure  pulsed  char¬ 
acteristics  of  the  drift  distance  hnm(r)  which 
are  fairly  short  in  time.  At  present,  potential¬ 
ities  of  the  above  diagnostics  are  mainly  lim¬ 
ited  by  the  fast  action  of  correlometers.  The 
cross-correlation  function  between  the 
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Compton  scattering  provides  a  fast  and  accurate 
measurement  of  the  longitudinal  polarization  of  electron 
beams  available  at  linear  colliders.  At  the  SLC,  green  (532 
nm)  circularly  polarized  light  from  an  Nd:YAG  laser, 
frequency  doubled,  collides  nearly  head-on  with  electrons 
after  they  have  passed  the  e+e"  interaction  point  but  before 
they  have  encountered  any  dipole  bending  magnets. 

Unique  to  this  application,  the  recoil  electrons,  rather 
than  scattered  photons,  are  detected,  after  being  momentum 
analyzed  by  the  bending  magnets  nearest  to  the  interaction 
point.  Thus  we  achieve  spatial  separation  of  several 
centimeters  between  electrons  from  scattering  at  different 
Compton  angles. 

The  analyzing  power  of  Compton  scattering  of  2.34  eV 
photons  from  45.6  GeV  electrons  is  75%  at  full  backward 
scattering.  The  analyzing  power  is  zero  at  90  degrees  in  the 
electron  rest  frame,  and  data  from  this  channel  helps  us 
correct  for  luminosity  variations  in  the  electron-photon 
collisions. 

The  Compton  polarimeter  is  capable  of  measuring  the 
electron  beam  polarization  to  within  a  few  percent  of  itself. 
Statistical  accuracy  of  better  than  1%  in  the  absolute  beam 
polarization  is  achieved  routinely  in  runs  of  three  minutes 
duration,  with  die  laser  firing  at  1 1  Hz. 


•This  work  was  supported  by  the  U.S.  Department  of 
Energy. 


Figure  1  shows  the  Compton  Light  Source  and  the 
Compton  Electron  Detectors  in  relation  to  the  e+e* 
Interaction  Point  within  the  SLD  detector,  and  to  the  nearest 
bending  magnet  in  the  south  final  focus  region  of  die  SLAC 
Linear  Collider. 
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Fig.  1.  The  Compton  Polarimeter 
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Figure  :  Schematic  of  measurement  apparatus. 


photon  flux  J^m  from  a  partly  reflecting  Mnm- 
mirror  and  current  I°m  oc  f°m  from  the  D°m- 
detector  can  be  measured  by  means  of  a  time- 
integrated  C'nm  -correlometer  based  on  charge- 
coupled  (CC)  linear  structures  [7,10].  As  a 
result  of  the  wavequide  propagation  of  pho¬ 
tons  through  GaAs  CC-linear  structure  1  (see 
Fig.a,c),  the  /°m -current  modulates  the  flux 
by  the  photoelectric  absorption  effect  within  a 
«  100%  dynamical  range  of  modulation.  An  in¬ 
stantaneous  spatial  distribution  of  charges  over 
the  pixels  of  this  structure  corresponds  to  the 
discrete-in-time  representation  of  the  shape  of  a 
I°m- current  signal.  After  the  modulation,  pho¬ 
ton  flux  2  is  detected  by  silicon  CC-linear  struc¬ 
ture  3.  The  spatial  distribution  of  charges  accu¬ 
mulated  there  during  the  measurement  time  Tm 
corresponds  to  the  discrete-in-time  presentation 
of  the  jR^-function.  Fairly  large  J^m-fl uxes  of 
photons  provide  the  needed  charge  within  the 
pixels  of  the  detected  CC-linear  structure  du¬ 


ring  a  short  time  within  a  pulse  of  the  ion  beam. 
The  JlJ^-functions  can  be  read  out  during  in¬ 
tervals  between  target  switchings  or  between  ion 
beam  pulses  and  taking  into  account  the  guid¬ 
ing  frequency  of  modulating  structures  1. 

As  estimates  for  the  source  of  H ~  ions  with  an 
energy  of  E,  «  20  keV,  L  ~  100  cm  and  the  ave¬ 
rage  power  density  of  laser  radiation  within  the 
duration  of  a  series  of  pulses  1%  ta  4  •  105W/cm2 
{^bn/^fpn  w  102),  the  proposed  apparatus  al¬ 
lows  one  to  realize  nonperturbative  measure¬ 
ments  of  beam  parameters  during  Tm  >  Tt  « 
100  ns  with  accuracies,  e.g.,  of  «  0.4%  in  en¬ 
ergy  and  of  «  2  •  10-4  rad  in  Y'. 
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The  Compton  Light  Source  consists  of  the  laser,  the 
evacuated  transport  line,  and  hardware  and  optics  for  laser 
beam  circular  polarization,  steering,  focusing  and 
diagnostics.  The  laser  is  a  commercially  available 
SpectraPhysics  GCR-11  frequency  doubled  NdrYAG  laser. 
The  laser  pulse  width  is  7  ns  (FWHM),  and  has  a  pulse 
energy  of  about  45  mJ.  The  laser  is  pulsed  once  every  1 1 
SLC  machine  cycles.  (The  SLC  operates  at  120  Hz.)  The 
laser  beam  passes  through  a  prism  polarizer  and  Pockels  cell 
combination  to  circularly  polarize  the  beam.  The  sign  of  the 
circular  polarization,  determined  by  the  polarity  of  the  high 
voltage  applied  to  the  Pockels,  is  normally  set  pulse-to-pulse 
following  a  pseudo-random  pattern. 

Before  exiting  the  laser  room,  and  entering  the 
evacuated  transport  line,  the  beam  diameter  is  expanded  to  2 
cm  in  order  to  maintain  collimation  over  the  40-meter 
pathlength  to  the  Compton  interaction  point  The  beam 
transport  line  between  the  Pockels  cell  and  the  Compton 
interaction  point  consists  of  evacuated  straight  sections 
connected  by  4  sets  of  phase  compensated  mirror  pairs,  4 
windows,  and  a  focusing/steering  lens.  The  compensated 
mirror  pairs  preserve  the  polarization  of  the  photon  beam 
upon  reflection.  The  transport  line  windows  were  measured 
to  have  negligible  birefringence.  The  5-meter  focal  length 
lens  focuses  and  steers  the  laser  beam  onto  the  electron 
beam.  After  leaving  the  SLC  vacuum,  the  beam  is  monitored 
for  intensity,  steering  and  polarization.  The  electron  and 
photon  beams  cross  at  an  angle  of  10  milliradians.  At  the 
Compton  interaction  point,  the  RMS  beam  sizes  are 
approximately  350  microns  for  the  electron  beam,  and  500 
microns  for  the  photon  beam. 

The  Compton  Cerenkov  detector  consists  of  a  nine-cell 
gas  threshold  Cerenkov  counter  viewing  a  retractable  1.4- 
radiation-length  lead  radiator.  Each  1  x  1.5  x  20  cm 
mirrorized  Cerenkov  channel  is  filled  with  non-scintillating 
gas  (beta-butylene)  at  atmospheric  pressure,  and  is  viewed  by 
a  1-cm  diameter  phototube.  The  mirrorized  aluminum  walls 
are  thin  (250  microns)  to  minimize  showering  in  the 
scattering  plane.  The  Cerenkov  light  collection  efficiency  is 
estimated  to  be  over  50%.  The  electron  energy  threshold  for 
producing  Cerenkov  light  is  10  MeV,  providing  good 
immunity  to  low  energy  backgrounds.  The  phototubes  are 
operated  at  low  gain  (100,000)  to  ensure  a  linear  response 
function. 

The  Compton  Proportional  Tube  Detector  consists  of  16 
proportional  counter  tubes  of  inside  diameter  3.9  mm 
embedded  in  a  5-radiation  length  radiator.  The  sensitive  area 
of  the  detector  is  60  mm  in  the  horizontal  plane  by  6  mm  in 
the  vertical  plane.  In  order  to  maintain  a  linear  response,  they 
are  operated  at  very  low  gain  (50-100).  The  detector  is 
heavily  shielded  except  for  a  narrow  region  in  the  scattering 
plane.  This  reduces  susceptibility  to  beam  related 
backgrounds. 

Since  the  laser  is  pulsed  once  in  1 1  machine  pulses,  the 
ten  intervening  pulses  provide  an  accurate  measurement  of 
the  background.  The  background  in  both  detectors  is  due 
principally  to  beamstrahlung  photons  produced  at  the  SLC 


interaction  point  The  signal-to-noise  ratio  is  typically  5-10 
for  the  Cerenkov  detector  and  1-2  for  the  Proportional  Tube 
detector. 

Figure  2  shows  the  raw  asymmetry  as  a  function  of 
channel  in  each  of  the  two  Compton  electron  detectors.  The 
data  are  for  a  typical  three-minute  run  at  a  time  when  the 
beam  polarization  exceeded  60%.  The  raw  asymmetries  are 
as  high  as  45%  in  the  backward  scattering  channels. 

Any  channel  in  either  of  the  two  detectors,  with  large 
analyzing  power,  can  be  used  to  measure  the  beam 
polarization,  if  the  analyzing  power  for  that  channel  is  well 
understood.  The  detector  position  and  spectrometer 
momentum  scale  are  determined  from  measurements  of  the 
kinematic  endpoint  of  the  Compton  recoil  electron  energy 
spectrum,  and  from  the  zero-asymmetry  point.  Corrections 
to  the  analyzing  power  of  each  channel  are  made  for  the 
finite  width  of  the  channel,  and  for  showering  in  die  pre¬ 
radiator  and  channel  walls. 

LASER:  L.R  ELECTRONS:  LEFT  ICKV) 


Fig.  2 A.  Raw  asymmetry  as  a  function  of  channel  in  the 
Cerenkov  detector. 

LASER:  L.R  ELECTRONS:  LEFT  IPWC) 


Fig.  2B.  Raw  asymmetry  as  a  function  of  channel  in  the 
proportional  tube  detector. 
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Limits  have  been  placed  on  the  various  sources  of 
systematic  error  associated  with  the  measurement  of  the 
electron  polarization.  The  circular  polarization  of  the  laser 
beam  at  die  interaction  point  is  known  to  within  2.0 %.  The 
detector  linearity  is  understood  to  within  1.5%.  Interchannel 
consistency  contributes  to  the  systematic  uncertainty  at  the 
level  of  0.9%.  Uncertainties  in  the  Compton  recoil  energy 
scale,  and  corrections  for  electronic  noise  are  both  at  the 
0.4%  level.  The  total  systematic  uncertainty  of  the 
polarization  measurement  to  die  recent  SLD  measurement  of 
the  left-right  cross-section  asymmetry  in  Z  Boson  production 
[1]  was  2.7%.  Improvements  can  be  made  that  will  further 
reduce  this  contribution  to  the  systematic  error. 

Performance  of  the  SLC  continues  to  improve.  Figure  3 
shows  the  polarization  measurement  nearest  to  the 
production  of  each  Z  Boson  in  the  year  since  polarized 
beams  have  been  accelerated  at  the  SLC.  The  first  1 1,000 
Z's,  produced  from  April  to  September  of  1992,  were  with 

[1]  K.  Abe  et  al.  (SLD  collaboration).  Physical  Review 
Letters  70. 2515  (1993). 


beams  whose  polarization  averaged  22%.  The  run  that  began 
n  March,  1993,  had  polarization  in  the  55%  range  at  first. 
This  was  increased  to  more  than  60%  when  the  wavelength 
of  the  laser  at  the  electron  source  was  adjusted. 


Z  Count 

Fig.  3.  Beam  Polarization  for  1992  and  1993  SLD  Data 
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Abstract 

Use  of  many  period  wigglers  to  rotate  the  spin  of  particles 
in  accelerators  has  bean  proposed  [1].  An  added  advantage  of 
this  scheme  is  that  a  spectrum  of  synchrotron  radiation  will  be 
produced  that  contains  a  contribution  due  to  the  spin,  so  that 
the  device  can  be  effectively  used  as  spin  polarimeter,  with 
advantages  compared  to  Compton  backscattering  methods. 
Results  are  presented  for  two  high  energy  proton  storage 
rings:  RHIC  and  the  SSC. 

I.  INTRODUCTION 

We  have  proposed  to  build  spin  rotators  with  two 
transverse  wigglers  of  many  poles  with  fields  perpendicular  to 
each  other,  longitudinally  shifted.  Wiggler  spin  rotators  can 
also  be  used  as  beam  diagnostic  tools,  allowing  measurements 
of  the  beam  size  and  spin  polarization  from  observation  of  the 
synchrotron  radiation  spectrum.  Beam  diagnostics  can  be  done 
with  the  SR  spectral  continuum  from  bending  magnets, 
however  the  spectrum  of  wigglers  being  the  result  of 
interference  presents  a  characteristic  line  structure  and 
therefore  has  a  higher  specific  brightness. 

Spin  polarization  can  be  measured  by  Compton 
backscattering  of  laser  light  by  the  particle  beam.  The  physical 
mechanism  of  photon  production  by  wiggler  radiation  and 
backscattering  is  the  same,  and  lead  to  comparable  results. 
However,  also  laser  backscattering  produces  a  continuum  and 
many  of  the  nice  properties  of  the  enhanced  wiggler  spectrum 
are  lost 

II.  ELECTRIC  AND  MAGNETIC  DIPOLE 
SYNCHROTRON  RADIATION 


and  the  energy  radiated  by  the  particle  in  a  time  interval  At  is 

<4> 


To  calculate  the  spectrum,  replace  t  with  the  retarded  time 
tR  in  the  integral  of  Eq.  (4)  and  apply  Rarseval's  Theorem, 


then,  introducing  the  source  current  /  [amp],  obtain  for  the 
number  of  photons  emitted  per  second,  per  unit  solid  angle 
and  per  unit  photon  energy  interval 


— ^L_  =  — ,A(fi>),2 

dQdihco)  2  ne  1 


A  particle  of  mass  m  and  charge  e  is  accelerated  in  a 
magnetic  field  B.  The  frame  of  reference  is  shown  in  figure  1. 
The  preferred  direction  of  motion  is  along  z  (k).  The  radial 
direction  is  x  (i),  the  vertical  direction  is  y  (j).  In  a  given  point 
of  space  the  radiated  power  flux  is  given  by  the  Poynting 
theorem  [2] 


^1=EXB  0) 

da  dQ  n0c 

with  R  the  distance  between  charge  and  field  point  If  we  only 
retain  the  "radiation"  term  in  the  expression  for  the  field  E  (i.e. 
the  term  «  l JR),  it  is 

RE  =  ik*c|A(0| ;  4 n~  =  ^e2c\A(tf  ,  (2) 

4n  dQ  4n 

nx  (n-P)x^ 

A=  [l  n  Pf  ’  Q) 

where  A  is  the  vector  potential, 
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(a  is  the  fine  structure  constant). 

If  we  assume  that  the  energy  of  the  particle  remains 
constant,  in  Eq.(3),  the  particle  velocity  f)  and  its  time 
derivative  are  calculated  from  the  equation  of  motion 

^  =  (3xfl  ;  Q  =  — .  (6) 

dt  my 

In  far  field  (Fraunhofer),  the  radiation  will  be  calculated 
along  the  direction  defined  by  the  unitary  vector  n,  with  angles 
6  and  <p.  Vector  potential  components  Ap,  parallel  to  the 
horizontal  plane  and  perpendicular  to  n,  and  A<j, 
perpendicular  to  n  and  to  Ap  are 

AP  =  A  [jxn];Ax  =  A-fljxnjxn}  .  (7) 

Explicit  expressions  are  of  the  form 

Ap  =  -^V  Q  ;  Q  (8) 

with  P  and  S  some  vector  expressions,  and 

D  =  l-pn.  (9) 

The  "usual"  synchrotron  radiation  is  the  radiation  of  an 
oscillating  electric  dipole  in  the  external  magnetic  field.  If  the 
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particle  has  a  magnetic  moment  p.  proportional  to  the  spin  s 
(in  units  ±  V2) 


ge  h 

“  =  ^2S 


(10) 


where  s  is  the  particle  spin  in  the  particle  rest  frame  (PRF), 
magnetic  dipole  radiation  will  appear. 

In  the  LAB  frame,  the  spin  transforms  as  follows 


S  —  s  +  ■ 


y+ 1 


(MP 


(id 


~nx[S  +  nx(pxS)l~| 

(1-pn)  J 


The  particle  spin,  in  its  precession  in  an  external  magnetic 
field,  adds  to  the  radiation  field  of  Eq.  (3)  a  contribution 

and  the  total  radiation  field  will  be 

A<T)(0  =  A(r)  +  7jA(,)(f) , 
hco  _  gy  hco 
4  me2 


y 

v=g— 


(13) 

(14) 


y  + 1  4  me2 

Eq.  (14)  shows  that  at  a  given  photon  energy  the 
contribution  of  the  spin  to  the  radiation  density  is  inversely 
proportional  to  the  mass  of  the  particle. 

Perform  the  time  derivative  in  Eq.(12)  and  find 


A(*)w  _  •  s)n  x  0 + (p  •  s)n  x  p  +  (0  ■  s)(P  •  n)n  x  p 


D1 


D4 


-nxp 


(15) 


Cj  =  1+Gy 


C2=~ 


Gy2 
1  +  y 


G  =  g-  2. 


Qy  =  Qq  sin  (Dtf  ;  (0q  = 


L0 


(20) 


with  Xq  the  undulator  period.  In  this  field,  an  approximate 
expression  for  the  instantaneous  angle  of  the  trajectory  is 


0b  =  —  sin co0r 


k  =  —^—XnB  =  ^-XnQ, 


0**0 


(21) 
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The  flrst  Eq.  (18)  yields 

Ap(t)  =  (l  -  y2dl)Q  =  Q0(l -  k 2  sin2  6)0r)sin (o0t  (22) 

showing  that  the  spin  independent  radiation  field  only  contains 
odd  harmonics  on  axis  (in  this  simplification,  only  1  and  3). 
The  fourth  Eq.(13)  for  the  spin  dependent  radiation  field  is 

A{‘\t) = -(1 + y2e2b)[cxeb  sx  +s,]q  .  (23) 

After  integration  of  the  BMT,  e.g.  if  we  assume  example 
that  the  beam  is  totally  x  polarized  at  the  entrance  in  the 
magnetic  field,  we  obtain  an  expression  also  containing  only 
odd  harmonics,. 

A  first  competitor  that  can  make  the  observation  of  the 
spin  dependent  radiation  difficult  is  the  finite  emittance  of  the 
beam.  In  this  case,  a  contribution  A<j  also  appears  on  axis,  but 
in  the  even  spectral  harmonics.  The  ratio  is 

A^=2T)  |E 

A„ 


(24) 


‘a  y 

with  £y  and  Py  are  the  emittance  and  the  twiss  function.  This 
may  impose  a  limit  on  beam  emittance,  and  shows  that  it  is 
convenient  to  make  the  beam  vertically  parallel  and  wide. 

Another  competing  effect  in  the  odd  harmonics  and  in  the 
a  polarization  is  due  to  undulator  field  imperfections,  since  a 
small  SQx  field  residual  component  with  the  same  periodicity 
of  the  main  field  will  again  produce  an  unwanted  Aa  on  axis. 
A  signal  to  noise  ratio  of  the  order  of  one  is  obtained  when 


where  the  first  tom  contains  the  spin  and  the  second  its  time 
derivative. 

The  spin  s  precedes  in  an  external  magnetic  field, 
according  to  the  BMT  equation 

—  =  C,sxQ  +  C2({50)(sxJ5)  (16) 

dt 


AP,  ^  =  gy  *a> 

r\  '  a  _ 
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(25) 


(17) 


If  only  a  transverse  magnetic  field  (Qx  =  0,  Sly  *  0)  is 
present  and  the  beam  has  no  emittance,  for  observation  on  axis 

A,=  fl£2,  A„=0 

<’=0  /l“  =  -F[Cie,I,+J.]£2, 

with  the  positions 

F  =  1  +  y2(A02  +  A02)  (A6=e-eb 

Eq.(18)  shows  that  on  axis  the  spin  dependent  radiation  is 
polarized  in  a  direction  parallel  to  the  magnetic  field. 

The  spectrum  is  obtained  by  a  Fourier  transform  of  the 
vector  potential  of  Eq.  (18).  In  an  undulator  with  N  periods 
(lines  of  width  1/M),  write  the  magnetic  field  as 

2  itc 


This  is  of  the  order  of  10'5  for  protons,  thus  to  measure 
the  proton  spin  the  contribution  to  the  field  errors  in  phase 
with  the  field  should  be  very  small.  Using  the  random  walk 
argument  through  N  periods  [3],  we  find  an  upper  limit  of  the 
error  in  phase  of  the  order  of 

m  .  *  r“)  .  (26, 

In  A,*-  wl  n 


(18) 


(19) 


ni.  COMPTON  BACK  SCATTERING 

The  fundamental  frequency  of  undulator  radiation  is 

ly1 

©,=G)0  - - 


(27) 


l  +  \k2  +  y^AO2  +  A#2)  ' 

Compare  this  with  the  radiation  obtained  by  scattering  of 
laser  light  by  a  charged  particle  beam  (head-on  collisions) 

hQ),  2  h(0L - 2(1  -  (28) 

1  +  2(1 + P)y~Y  +  y2#,2 

me 

with  a»t  and  o>l  the  frequency  of  the  scattered  and  laser 
radiation,  and  Os  the  angle  of  the  back  scattered  photon . 

Let  us  treat  the  radiation  from  an  undulator  as  a  scattering 
process  of  a  photon  and  a  charged  particle.  In  the  PRF,  the 


2176 


undulator  is  seen  as  an  incoming  e.m.  wave,  since  Relativity 
builds  up  an  electric  Held  from  the  static  magnetic  field  of  the 
undulator.  (Note  that  this  equivalent  wave  does  not  travel  at 
the  speed  of  light,  but  at  the  lower  speed  /5c ). 

The  intensity  of  the  back  scattered  radiation  is  related  to 
the  luminosity  of  the  process  as 

NJfL 


n,= 


■fa 


(29) 


with  n,  the  number  of  back  scattered  photons  per  unit  time,  Np 
and  N  Lthe  number  of  particles  and  primary  photons  contained 
in  the  volume  of  interaction,  X  the  common  cross  section  of 
the  particle  and  laser  beams,  /  the  frequency  of  encounters, 
and  a  the  scattering  cross  section. 

The  radiation  cone  has  a  half-aperture  defined  by 

yO  *  1  .  (30) 

If  the  particles  have  a  spin,  the  scattering  cross  section 
can  be  written  as  follows  [4] 

o=a0±alPLPpcos<t>  (31) 

where  Oq  is  the  scattering  cs  for  the  unpolarized  beam,  G\  the 
spin  dependent  scattering  cs,  PL  the  polarization  of  the  laser  , 
Ppthe  particle  spin  and  0  the  scattering  angle  relative  to  Pp. 

It  can  be  shown  that  the  unpolarized  cross  section  is 
symmetric  around  the  axis  of  scattering  with  a  maximum  there 

(32) 
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( r0  the  classical  radius  of  the  proton),  and  that  the  polarized 
cross  section  is  anti  symmetric  about  the  axis  of  scattering 
with  maxima  at  angles  determined  by 

(33) 

The  ratio  between  maximum  polarized  cross  section  to 
maximum  unpolarized  is 


(34) 

,0|m»x  ^ 

A  comparison  of  the  £  parameter  of  Eq.  (34)  for  laser 
scattering  with  the  i)  parameter  of  Eq.  (14)  shows  that  the 
relative  intensity  of  the  polarized  to  unpolarized  radiation  is  of 
the  same  order,  as  it  should. 

In  the  scattering  of  virtual  undulator  photons,  the  number 
of  primary  photons  to  enter  in  Eq.  (29)  can  be  calculated  by 
dividing  the  magnetic  energy  by  the  energy  of  a  photon 


fog_jjo  y 
2h(On 


(35) 


with  V  the  volume  of  the  particle  beam  bunch.  Both  for 
undulator  radiation  and  BS,  the  intensity  of  the  observed 
radiation  is  inversely  proportional  to  the  square  of  the  mass  of 
the  particle. 


IV.  CONCLUSIONS 


Compton  BS  produces  a  wide  spectrum  of  radiation, 
correlated  to  the  observation  angle.  If  the  undulator  radiation 
is  interpreted  as  a  scattering  of  virtual  photons,  the  expression 
for  the  luminosity  shows  that  the  number  of  undulator  photons 
in  the  interaction  region  can  be  very  large,  since  each  photon 
(of  frequency  to o)  is  much  smaller  than  a  laser  photon  (of 
frequency  a\). 

Tables  1  and  2  show  the  order  of  magnitude  of  some  of 
the  quantities  in  selected  machines.  We  have  considered  two 
proton  machines:  RHIC  and  SSC. 

Table  1.  Undulator  and  Laser  Parameters. 


me2  [MeV] 

r02  [m2] 

938 

5.58 

2.36  10*36 

undulator 

Ao  [m] 

0.20 

B0  m 

3.2 

N 

20  I 

k  = 

0.05086Ao  B0  =  0.0326 

hco0  [eV] 

6.20  10-6 

Laser  scattering 

ND-Yag,  10  mJ,  1  KHz,  4  =  532  nm 

tiC0L  [eV] 

2.33  [ 

Table  2.  Proton  Colliders. 


RHIC 

- 53C - 

y  (<=>  GeV) 
emittance 

270(250) 

9 

2.1  104  (20  TV) 
0.05 

[lO*^  it  m-rad] 
current 
beta  [ml 

10^/bunch 

100 

7.3  109/bunch 
100 

undulator  radiation 
fiCOj  [eV]  4.4  (51*1  harm) 

5.6  103 

!  d2n  7 

;  — —  [1/sec-rad2] 
d0d<t> 

ri ,  Eq.  (31) 

6.5  1022 

1.8  106 

4.1  1026 

0.17 

backscattering 

h(Ot  ,  max 

66  MeV 

4.2  GeV 

ns  [1/sec] 

0.030 

7.2  103 

Eq.  (81) 

2.6  10*6 

2.1  10*4 
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[1]  A.Luccio,  M.Conte,  these  Proceedings 

[2]  J.DJackson  "Classical  Electrodynamics"  Wiley,  NY  (1962) 

[3]  N.M.Kincaid,  J.  Opt  Soc.  Am  B2  (1985)  1294 

[4]  D.B.Gustavson  et  al.,  Nucl.  Inst.  Meth.  165  (1979)  177 
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Abstract 

Richter  pointed  out  that  the  final  focus  for  NLC  pose  a 
very  difficult  challege.  The  cross  section  of  bunch  at  interac¬ 
tion  point  Is  about  o,o,=  60  nm  *  2nm.  It  is  too  small  to  mea¬ 
sure  by  EEE  methods.  Hence,  The  new  conceptions  of  beam 
—  beam  deflection  and  inverse  Compton  gamma  modulation  are 
developing  respectly  at  SLAC  and  KEK  in  the  scope  of  ortho¬ 
dox  quantum  mechanics.  Here  we  pointed  out  that  the  cross 
section  information  of  bunch  can  be  carried  by  the  quantum  ge¬ 
ometrical  phase  of  a  test  beam  across  the  bunch  which  is  modu¬ 
lated  by  the  virtual  photons  of  bunch.  It  is  beyond  the  ortho¬ 
dox  quantum  mechanics,  standard  of  IEC,  ANSI,  IEEE, 

GB  and  presented  by  EM  potential  [A,  i  -J e0p0 <p~\  of  bunch. 
The  EM  potential  signals  of  unpolarized  bunch  signals  have  sim¬ 
ilar  formula  of  omay’=a}txp[Pfl/N~\,  where  P,=  —  Pm=  — 
Sh/ n0e2i>  is  a  magnetic  constant  for  rarefied  bunch,  P,=P,= 
Aitt^hc/e*  is  a  electric  constant  for  dense  bunch.  Since  NLC 
beam  is  always  polarized,  the  magnetic  potential  flux  line  of 
bunch  spin  are  concentric  circles  surrounding  the  bunch  axis. 
It  can  be  measured  remotely.  Hence,  o,o,o,  —  SH*N /  0, 
where  S=3ji0a*»ae/32h  =  Constant,  a,  is  bunch  length,  H  is 
the  distance  of  detection  beam,  0  is  quantum  geometrical 
phase,  N  is  partical  number  of  a  bunch.  It  can  be  measured  by 
electron,  neutron  or  atom  beam  interferometers,  including  su¬ 
perconductive  ring  interferometers. 

I.  Introduction 

Richter  pointed  out  in  1989  that  the  final  focus  system 
for  the  NLC  (Next  generation  Linear  Collider)  pose  a  very  diffi¬ 
cult  challenge.  One  of  the  most  difficult  problems  is  measuring 
the  beam  size  at  the  interaction  point.  None  now  exists  except 
for  beam  deflection  system.  [1.  2]  Hitherto,  physical  methods 
of  Beam— Beam  Deflection  and  Inverse  Compton  Gamma  Mod¬ 
ulation  have  been  developing  at  SLAC  and  KEK  in  the  scope  of 
orthodox  quantum  mechanics,  [3—5]  and  standards  of  IEC, 
ANSI,  IEEE,  GB. 

In  the  point  of  view  of  EEE  technique,  the  bunch  size 
measurement  of  NLC  demands  time  — spatial  resolution  of  fs 
and  pm.  It  exceeds  the  recent  technical  ability  of  EEE.  There¬ 
fore,  it  is  a  physical  problem,  which  will  promote  the  develop¬ 
ment  of  EEE. 

II.  Quantum  Signal  Dynamics 

The  particle  distance  in  NLC  is  equal  approximately  to  the 
radius  of  pocitronium.  Hence,  bunch  signal  of  NLC  is  a  special 
problem  of  QED  field  with  geometric  shape  of  bunch  and 
boundary  condition  of  beampipe.  However,  it  is  beyond  ortho¬ 
dox  QM. 


Here  we  pointed  out  that  the  information  of  a  bunch  can 
be  carried  by  the  quantum  geometrical  phase  of  a  test  beam 
across  the  bunch  side.  It  is  an  effect  beyond  orthodox  quantum 
mechanics,  and  presented  by  EM  potential  A  of  a  polarized 

bunch  spin  as  well  as  [A,  *  «0i“o9)]  °f  bunch. 

To  modulate  and  demodulate  a  QED  signal  of  both  real 
and  virtual  photons  as  well  as  electrons  for  the  purpose  of  car¬ 
rying  NLC  bunch  size  information,  we  have  analyzed  subtle 
discrimination  in  the  four  kinds  of  quantization  theory.  [6,  7] 
Therefore,  we  suggest  that 

(1)  abendon  the  quantization  of  wave  —  particle  unifica¬ 
tion  which  is  the  standard  quantum  conception  of  recent  ANSI / 
IEEE  std  100  —  1988,  because  it  neglects  virtual  photons, 
which  are  the  bunch  signals  actually; 

(2)  abendon  the  camonical  quantization  of  QED  signal 
field,  because  it  is  not  covariant  though  it  is  die  standard  form 
of  orthodox  QED  theory; 

(3)  adopt  quantization  of  path  integral  of  gauge  field; 

(4)  extend  the  quantization  of  path  integral  in  state  space 
from  flat  Hilbert  space  to  a  curved  Riemann— Hilbert  space  to 
reform  the  basic  conception  of  cybernetics,  where  the  measur¬ 
able  and  controllable  problems  of  object  like  bunch  is  the  first 
fundamental  conception  of  all. 

It  is  covariant,  and  deal  with  both  virtual  and  real  photon- 
s.  Furthermore,  the  state  transfer  equation  of  bunch  signal 
splits  into  two  parts:  the  dynamic  equation  and  the  geometric 
phase  equation.  The  late  has  not  yet  been  used  as  a  signal  equa¬ 
tion  in  ANSI/ IEEE  std  100-  1988.  GB3100-  86,  IEC  50 
(121)1978,  ISO  31  —  5:  1979,  ISO  31-6:  1992,  but  it  car¬ 
ries  the  information  of  bunch  size.  Hence,  It  can  be  used  to 
measure  the  bunch  cross-section  <rtot  of  the  NLC  bunch. 

III.  Quantum  Geometric  Phase  of 
Virtual  Photon  of  Bunch 

Let  is  the  state  transfer  matrix  in  an  ordinary  flat 
Hubert  space  of  orthodox  quantum  theory,  then  the  extended 
state  transfer  matrix  in  a  curved  Riemann  Hilbert  space  is  <t> 
which  equals  multiplied  by  <P».  Hence,  we  have 

0  =  (3.  1) 

where  the  phase  factor  of  state  vector  is 

=  exp[—  #(*>]  (3.  2) 

and  the  phase  angle  is 

0(x)  =  —  (jL4„(z)dx 

=  y  j)[A, » •  d[*,  ict] 

=  y[  j>A(x>  *d*.  —  9>.i>d/] 
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(3.  3) 


-  jlFm,  -  ±VQ  (3.  3) 

where 

9:  the  angle  increament  of  a  parallel  displacement  loop  of 
a  state  vector  in  the  curved  state  space,  [0]; 

A(x)  -.the  magnetic  potential  of  bunch,  [W / m] ; 

Fm:  the  magnetic  flux  of  bunch,  [W]; 

<Pa,  <Pi  -  the  electrical  potential  of  bunch  at  position  A  and 
B,  [V]; 

f:  the  effective  bunch  length,  [L]. 

IV.  Bunch  Cross  Section  Information 
Carried  by  Potential  and  Readout 
by  Quantum  Geometric  Phase 

A.  Flight  Coaxial  Cavity 

Approximately,  the  VLE  virtual  photon  in  Wakefield 
looks  like  a  inner  conductor  which  extend  the  bunch [6],  It  is 
it  multiple  longer  than  bunch  length.  Hence,  the  flight  coaxial 
approximation  of  bunch  —  beampipe  system  of  Wang  —  Leow 
Q 7]  can  be  considered  as  a  first  order.  If  we  choose  4 a,  of 
bunch  to  be  the  inner  current  then  its  actual  length  is  4  no,,  be¬ 
cause  the  following  wakefield  of  VLE  mode  is  a  displacement 
current  which  extends  the  bunch  current  length  to 

l=4iro,  (4.  1.  1) 

Thus,  the  mutual  inductance  L  and  capasitance  C  are  ap¬ 
proximately  expressed  by 

t  a  AO  •  A  /  J  i  rt  > 


Pm  =  43.  62 

e  =  l^ln  —  (4.  2.  4) 

P.  a.o, 

If  N=  10*.  then  0swjt,  that  means  it  is  suitable  merely  to  the 
very  rarefied  bunch. 

C.  Electric  Potential  Signal  of  Unpolarized  Bunch  Cross  Section 

Substituting  (4.  1.  3)  and  (3.  3)  into  (4.  1.  6),  we  have 
o,o,  =  a*txp[P,9/N~\  (4.3.1) 

where 

P,  —  l%if*t0hc<r,/e2l  =  4ne0ftc/e2,  [Q] 

(4.  3.  2) 

P.  =  1.  370  X  1014 

If  N  =  4.  3 X  1 014  then  6—  n  that  means  it  is  good  for  very 
dense  bunch. 


D.  Polarized  Signal  of  Bunch 

The  magnetic  induction  on  the  bunch  axis  is 

Yjmi 

b;  =  moM  =  ^  um t 

2m‘  =  Natle  ( 

i 

4 

A  *  /A  I  /A  _  t  /A  \  t 


(4.  4.  1) 
(4.  4.  2) 


L  =  Ana,  4^1n 


C  =  4nax2ne^/\n(- 


(4.  1.2) 
(4.  1.3) 


and  the  bunch  current  as  a  6  function  is 

h  =  %?<S(t  -  tt)  (4.  1.  4) 

AO, 

and  its  magnetic  flux  and  electric  potential  difference 

Fm  =  I,L  =  NevL/4o,  (4.1.5) 

~  9a  =  V  =  Q/C  =  Ne/C  (4.  1.  6) 

where 

a,,  a,,  a,,  standard  deviation  of  bunch  width,  height, 
and  length,  [L]: 

N :  the  particle  number  in  bunch,  [0] ; 

v:  the  bunch  velo6ity,  [LT-1]; 

a:  the  radius  of  beampipe.  [L]; 

at:  the  radial  distances  of  potential  detectors,  [L]. 


AV  =  y*(2<rj  (2 o,)  (2 a,)  (4.  4.  3) 

where 

M  is  the  magnetization  of  bunch,  [A/m]; 
m,  is  the  magneton  of  bunch  electron,  [Am2]; 

^  is  Bohr  magneton  =9.  27401541  X  10~2SJ/T 

=  5.  78838263  X  10-nMeV/T 
«=1.  001145358±0.  000000005 
Hence. 

_  3(iQajiBN 

a‘a'  32  ite& 

Unfortunately,  If  is  difficult  to  measure  because  it  is  at 
the  bunch  axis 
However 


(4.  4.  4) 


;  |  |  nti1  =  \A\\2nH 

(4.  4.  5) 

>•  a*  —  ^ 

(4.  4.  6) 

9  e2nH 

.  iv  _  M 

(4.  4.  7) 

where,  A*  is  concentric  circles  surrounding  the  bunch  ax- 


at  :  the  radial  distances  of  potential  detectors,  [L].  is.  It  can  be  measured  remotely  like  measuring  the  magnetic 

flux  and  electric  potential,  Z0  is  unit  vector  in  direction  of  ax 
B.  Magnetic  Potential  Signal  of  Unpolarized  Bunch  Cross  Section  ^  ^  distance  of  detector  from  the  bunch  axis.  Hence. 


Prom  (4. 1.2).  we  have 

<vr,  =  «2exp[-  ||] 

Substitute  (4.  1.  5),  (3.  3)  into  (4.  2.  1) 
o,o,  =  «*exp[—  Pme/N~\ 

'•  =  3-.'  M 


substituting  (4.  4.  7)  into  (4.  4.  4),  we  have 


1.  05457266 (63)  X  l0-MJs 
e  —  1.60217733(49)  X  10_19C 
tin  =  4»10_7H/m 

=  8.  854187817  X  10~12F/m 
t>  r=  c  =  299792458m/s 


(4.  2. 1) 

ZtinOtisNe  rrl 

a'°'  ~  32 ho,0  H 

(4.  4.  8) 

0,0,0,  =  SHzN/6 

(4.  4.  9) 

(4.  2.  2) 

S  =  =  1.  659906733  X 

10~18  meter 

(4.  2.  3) 

32A 

(4.  4. 10) 

Til 

9  =  SN 

(4.  4.  11) 

IfV=1010,  then  S1V=1.  66X1 0-8 

If  cr,=  60nm,  af  =  2nm,  o,=  60nm.  H=  36.  9nm,  then  6 
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That  means,  the  distance  between  test  beam  and  bunch  is 
about  40nm,  then  B—n.  It  is  available  to  carry  out  by  atom 
interferometers  for  the  intermediate  density  bunch. 


E.  Magnetic  Field  of  Bunch  Motion 


(4.  5.  1) 


The  magnetic  field  strength  of  bunch  motion  is 

=  2^  =  S  [A/m] 

=  1.71X107[A/m], 

where  N=  1010,  H  =  1.  17cm.  It  is  equivalent  to  Br  =  n^H9 
=  21.  48T 


Hence,  it  is  an  extreme  strong  jamming  for  the  electron 
interferometer,  therefore,  the  neutron  or  atom  interferometers 
may  be  used. 


van  de  Grooff,  (1931)  or  Cokcroft — Walton  (1932)  accelera¬ 
tors.  People  used  third  term  of  real  photon  for  Wide  roe  proton 
linac  (1929),  Hanson  electron  linac  (1947),  Lawrence  cy¬ 
clotron  (1931).  Kerst  betatron  (1941),  and  Veksler— McMil¬ 
lan  Synchrotron  (1945) ;  and  also  modem  colliders  of  e+e“, 
pp,  pp  and  ep.  People  usually  forgot  second  term  of  virtual  pho¬ 
ton  tor  accelerator.  Here  we  used  Af  instead  of  [E,  cB]  to  re¬ 
search  accerators.  Ar  composed  of  virtual  and  real  photons 
which  include  more  properties.  Some  of  new  conceptual  de¬ 
signs  about  detection  and  acceleration  worked  out  by  the  author 
are  in  preparing.  [16]  The  geometrical  information  of  bunch 
is  one  of  them. 

Thanks  to  Prof.  M.  H.  Ye  and  Prof.  Z.  P.  Zheng. 

VIII.  References 


F.  Wake  Field  Effect 

The  wakefield  effect  will  reduce  Bt  from  21T  to  about 
7T.  [6]  Furthermore,  If  <r,  =  600pm,  then  Br  =  0.  7T,  hence 
it  is  easy  to  be  shielded  by  Meissner  effect. 

The  wakefield  effect  also  happens  to  A J.  It  lengthen  the 
interference  time  and  benefits  the  mothod  of  interference.  If 
the  a,  —  60pm.  then  the  interference  time  is  lengthened  from 
0.  8ps  to  2.  4ps. 

Thus,  we  can  obtain  the  bunch  cross  section  by  three 
ways  of  magnetic  flux  Fm.  electric  potential  V,  and  polariza- 
tional  potential  A'f.  All  of  these  three  quantities  can  be  mea¬ 
sured  remotely  by  the  phase  shifts  6  of  probe  beam  interferome¬ 
ters  which  are  composed  of  electron  beam,  neutron  beam,  or 
atom  beam  etc. 

V.  Bunch  Length  Information 

<r,*w 60  micron.  It  is  about  1  —  2X  HP  times  long  of  the 
wave  length  of  Cerenkov  radiation  in  an  optical  fiber  close  to 
the  bunch.  Hence  o,  can  be  measured  by  waveguiding 
Cerenkov  radiation[9]  which  is  also  in  the  response  range  of 
optical  interferometers.  [10]  or  by  non  —  linear  optical 
method.  [11] 

VI.  Instrumentation 


0  may  be  measured  directly  by  electron  or  atom  beam  in¬ 
terferometer  through  EEE  quantities  of  [F«,  — ^i]  of  A* 

with  SI  unit  of  [Webb,  —  iVolt  •  sec]. 

The  bunch  length  of  NLC  is  desigened  as  60  micron. 
Thus,  the  signal  duration  is  0.  4  —  0.  8ps.  It  is  lengthened  by 
wakefield  to  2.  4  p6  and  just  in  the  response  range  of  coherent 
technique  of  recent  electron[12]  and  atom[13,  14]  interferom¬ 
eters.  We  analyze  subtle  discrimination  this  subject  as  the 
bunch  signal  dynamics.  [6,  7] 

VII.  Virtual  Photons  and  Accelerator 


Hitheto,  the  [E,  cB]  is  always  used  in  accelerator  physics 
to  deal  with  accelerating,  bending,  focusing,  observing,  moni¬ 
toring  and  measuring.  It  complys  with  standards  of  1EC. 
ANSI,  IEEE,  OB  etc,  but  it  loses  some  abilites  of  EM  field. 
For  example.  [15] 


£--TJ-Lr^  +  —  air=»>  +  <7.  i> 

to  be  the  acceleration  field,  people  used  first  term  of  static  for 
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Response  of  Air-Filled  Ion  Chambers  to  High-Intensity  Radiation  Pulses 

Michael  Plum  and  David  Brown 
Los  Alamos  National  Laboratory 


Abstract 


Ion  chambers  are  one  of  the  most  popular  types  of 
detectors  used  for  beam  loss-monitor  systems.  To  provide  a 
foundation  for  the  development  of  future  loss-monitor 
systems,  and  to  fully  characterize  the  ion  chambers  in  use  at 
LAMPF,  we  have  studied  the  response  of  air-filled  cylindrical 
ion  chambers  to  high-intensity,  short-duration  radiation 
pulses.  The  most  intense  pulses  were  about  180  rad  in  250  ns 
(the  equivalent  steady-state  dose  rate  was  about  700  Mrad/h). 
We  filled  our  chambers  with  nitrogen  gas  at  760  Torr  and  air 
at  600  Torr.  The  ion  chambers  were  driven  into  extreme 
nonlinear  response.  We  hope  these  data  will  be  used  to 
design  loss-monitor  systems  based  on  air-filled  ion  chambers, 
thus  eliminating  the  need  for  gas-flow  systems  and/or  air¬ 
tight  ion  chambers. 


I.  INTRODUCTION 

Most  loss-monitor  detectors  at  the  Los  Alamos 
Proton  Storage  Ring  (PSR)  facility  are  ion  chambers  filled 
with  nitrogen  gas  at  1  std.  atm.  The  idea  behind  this 
combination  of  gas  and  pressure  is,  if  the  ion  chamber  leaks, 
and  the  gas  is  exchanged  for  air  at  local  pressure  (about  80% 
of  1  std.  atm.),  the  sensitivity  of  the  ion  chamber  will  decrease 
by  about  20%.  This  20%  change  is  small  enough  that  the 
safety  of  the  system  will  not  be  seriously  compromised,  yet 
large  enough  that  we  can  detect  it  with  a  radioactive  source 
check. 


At  the  Los  Alamos  Meson  Physics  Facility 
(LAMPF),  the  function  of  the  PSR  is  to  compress  the  proton 
beam  from  the  800-MeV  linear  accelerator.  A  typical  pulse 
of  about  600  |is  is  compressed  to  just  250  ns.  The  PSR  is 
therefore  an  ideal  source  for  short,  intense  pulses  of  radiation. 
On  the  other  hand,  monitoring  beam  losses  from  such  a  beam 
is  a  challenging  task  for  some  types  of  detectors,  for  example, 
those  based  on  photomultiplier  tubes. 


n.  EXPERIMENTAL  SETUP 

To  determine  the  suitability  of  air-filled  ion 
chambers  for  use  at  LAMPF,  we  conducted  two  sets  of 
measurements  -  one  in  the  Fall  of  1991,  and  one  in  the  Fall 
of  1992.  For  the  first  data  set,  we  steered  the  PSR  beam  into 
the  side  of  the  beam  pipe.  Two  ion  chambers,  one  of  the 
usual  type  filled  with  nitrogen  gas  at  1  std.  atm.,  and  one 
filled  with  air  at  local  pressure,  were  placed  about  1  m 
transversely  from  the  beam  pipe.  For  the  second  data  set, 
beam  was  directed  onto  a  beam  plug  in  the  PSR  extraction 
line,  and  the  ion  chambers  were  placed  directly  alongside  the 
plug.  We  chose  this  scenario  because  it  is  the  worst-case  test 
available  at  the  PSR  (not  including  actually  directing  the 
beam  through  the  ion  chamber).  The  location  of  the  beam 
plug  is  such  that  it  can  intercept  either  beam  from  the  linac  or 
beam  from  the  PSR.  This  gives  us  some  flexibility  on  the 
length  of  the  beam  pulse,  and  therefore  on  the  duration  of  the 
radiation  pulse.  For  our  1992  tests  the  linac  beam  pulse 
length  was  set  to  800  ps. 


The  main  advantage  of  using  ion  chambers  filled 
with  air  at  local  pressure  is  that  one  would  not  have  to  worry 
about  leaks  or  gas-handling  systems.  The  disadvantages  are: 

1)  the  response  becomes  nonlinear  at  smaller  radiation 
pulses; 

2)  to  control  the  sensitivity  of  the  ion  chamber,  one  may 
vary  the  volume  of  the  gas,  but  not  the  pressure; 

3)  the  sensitivity  of  the  ion  chamber  may  change  in 
proportion  to  local  barometric  changes; 

4)  possible  undesirable  effects  due  to  water  vapor 
migrating  into  the  ion  chamber  gas.  We  have  not  yet 
studied  these  effects. 


As  shown  in  Fig.  1,  the  active  volume  of  our  ion 
chambers  is  contained  between  two  concentric  cylinders.  The 
outer  diameter  of  the  center  electrode  is  1.59  cm,  the  inner 
diameter  of  the  HV  shell  is  4.19  cm,  and  the  active  volume  is 
about  1 80  cm^.  When  filled  with  nitrogen  gas  at  1  std.  atm. 
the  sensitivity  is  56  nC/rad,  and  when  filled  with  air  at  local 
pressure  (600  Torr)  the  sensitivity  is  44  nC/rad.  The  data 
shown  are  for  -1  kV  and  -2  kV  applied  to  the  outer  cylinder. 
We  use  negative  voltages  because  we  have  empirically  found 
that  negative  voltages  result  in  a  more  linear  ion  chamber 
response.  The  center  electrodes  of  the  ion  chambers  were 
connected  to  0.22-pF  integrating  capacitors,  followed  by  a 
digitizing  'scope  with  a  1-MQ  input  impedance. 
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ID.  DATA 


attract  electrons  to  form  negative  ions,  which  combine  with 
the  positive  ions  to  reduce  the  ion  chamber  output. 


As  shown  in  Table  1,  the  1992  data  set,  with  beam 
directed  onto  a  beam  plug,  offered  considerably  more  intense 
radiation  pulses.  In  Figs.  2  and  3  we  plot  the  ion-chamber 
output  divided  by  the  intensity  of  the  radiation  pulse  (nC/rad, 
or  sensitivity).  Such  a  plot  should  give  a  straight  horizontal 
line  when  the  ion  chamber  is  operating  in  its  linear  region. 
The  plot  should  then  descend  towards  zero  as  the  ion 
chamber  begins  to  operate  in  its  nonlinear  region.  From  the 
figures  we  see  that  the  ion  chambers  were  clearly  driven  into 
the  nonlinear  response  region. 

As  expected,  the  plots  show  that  at  higher  voltages 
the  ion  chamber  response  remains  linear  up  to  higher- 
intensity  radiation  pulses,  and  that  the  sensitivity  of  air  at 
local  pressure  is  about  20%  lower  than  nitrogen  at  1  std.  atm. 
The  latter  is  due  to  the  760  vs.  600-Torr  pressure  difference. 
We  also  see  that  the  response  of  the  air-filled  ion  chamber 
becomes  nonlinear  at  lower-intensity  pulses  than  the 
nitrogen-filled  ion  chamber.  This  could  be  due  to  the  large 
electronegativity  of  oxygen.  Neutral  oxygen  atoms  tend  to 


IV.  CONCLUSIONS 

We  have  measured  the  response  of  air-filled  and 
nitrogen-filled  ion  chambers  to  high-intensity  radiation 
pulses.  The  most  intense  pulses  drove  the  ion  chambers  well 
into  the  nonlinear  region.  We  found  that,  compared  to  the 
nitrogen-filled  ion  chamber,  the  response  of  the  air-filled  ion 
chamber  becomes  nonlinear  at  lower-intensity  radiation 
pulses.  Although  the  ion  chamber  responses  were  highly 
nonlinear  for  high-intensity  radiation  pulses,  they  did  not 
exhibit  any  other  failure  modes.  We  hope  our  data  can  be 
used  to  develop  other  loss  monitor  systems  that  are  simpler 
and  more  reliable  through  the  use  of  air  at  local  pressure  as 
opposed  to  pure  gas  under  pressure.  If  air  can  provide 
sufficient  sensitivity,  and  if  nonlinear  response  for  high- 
intensity  pulses  is  not  a  problem,  then  the  advantages  of  air- 
filled  ion  chambers  should  be  considered. 


Table  1.  Intensity  and  duration  of  radiation  pulses  incident  on  the  ion  chambers. 


Data  set 

Intensity  of  radiation  pulse 

Duration 

1991 

0.036  to  2.3  rad 

250  ns 

1992 

1.0  to  160  rad 

250  ns 

1992 

1.3  to  260  rad 

800  its 

Fig.  1.  The  ion  chamber  used  in  our  tests.  It’s  a  Model  1054A  from  Health  Physics  Instruments,  Goleta,  CA. 
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Ion  chamber  sensitivity  (nC  /  rad)  Ion  chamber  sensitivity  (nC  /  rod) 


250  ns  beam  pulses 

N2at-2  kV 


N2at-1  kV 


Air  at -2  kV 


Air  at -1  kV 


lon-ehambar  Input  (rad/putae) 

Fig.  2.  250-ns  beam  pulses.  Data  from  the  1991  and  1992  tests.  The  air-filled  ion  chamber 
begins  to  become  nonlinear  at  about  0.2  rad,  and  the  nitrogen-filled  ion  chamber  begins  to 
become  nonlinear  at  about  0.S  rad.  The  difference  in  sensitivity  at  low  radiation  pulses  is  due 
to  the  difference  in  gas  pressure. 


800  microsecond  beam  pulse 


N2at-2kV 


N2at-1  kV 


Air  at -1  kV 


Air  at -2  kV 


lon-chambar  Input  (rad/pulaa) 

Fig.  3.  800-ps  beam  pulses.  Both  the  air-filled  and  nitrogen-filled  ion  chamber  are  nonlinear 
even  at  the  lowest  radiation  pulse  tested.  For  a  given  ion-chamber  input  (rad/pulse),  the  ion-chamber 
output  (nC/rad)  is  higher  for  the  800-|is  beam  pulse  than  for  the  250-ns  beam  pulse. 
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Abstract 

The  CEBAF  beam  can  bum  through  the  vacuum  wall  in 
approximately  100  its.  We  have  developed  an  inexpensive 
beam  loss  sensor  that  will  unambiguously  detect  a  true  bean 
loss  and  shut  off  die  beam  within  this  time  without  tripping  on 
moderate  interference  from  other  sources.  We  have 
incorporated  a  full  system  test  into  the  system,  with  provision 
for  direct  replacement  of  faulty  sensors  without  adjustment. 

We  describe  the  sensors,  the  signal  processing  design, 
system  test  results,  and  characterization  procedures. 

L  INTRODUCTION 

The  CEBAF  beam  will  carry  200  (lA  of  current  in  its 
100  pm  diameter,  enough  to  bum  through  the  accelerator 
vacuum  wall  in  time  of  the  order  of  100  ps  [1,  2],  The  beam 
loss  monitors  (BLM's),  as  the  last  resort  for  protection  of  the 
accelerator,  must  operate  much  faster  than  this  time  to  allow 
time  for  the  fast  shutdown  system  [3]  to  shut  the  beam  off 
before  damage  occurs.  The  time  scale  allocated  to  the  BLM 
system  is  10  ps.  The  size  of  the  CEBAF  accelerator  (7/8  mile 
circumference)  means  either  that  many  BLM's  must  be 
installed  or  that  each  must  protect  a  large  area. 

n.  SENSORS 

The  speed  requirement  ruled  out  most  ion  chamber 
configurations  quite  early  in  the  process.  Although  several 
labs  have  designed  ion  chambers  to  operate  in  this  time  range, 
we  felt  that  photosensitive  devices  offered  a  more  likely 
direction  for  highly  sensitive,  low-cost  beam  loss  sensing. 
Geoffrey  Stapleton  presented  the  possibility  of  darkened 
photomultipliers,  which  were  known  to  be  sensitive  to  cosmic 
ray  pulses.  The  mechanism  is  scintillation  and  Cherenkov 
radiation  in  the  glass  envelope  of  die  tube  (4, 5],  and  extension 
to  beam  loss  monitoring  by  detection  of  the  radiation  shower 
from  beam  interaction  with  nearby  matter  was  highly 
successful. 

Extensive  testing  showed  that  for  beam  loss  monitoring 
one  of  the  least  expensive  photomultipliers,  the  venerable 
931B,  was  preferable,  as  it  is  among  the  highest  in  electron 
gain  available.  Since  we  did  not  need  the  features  which  make 
photomultipliers  expensive,  such  as  transparent  or  high- 
efficiency  pbotocatbodes,  or  large  size,  we  selected  this  tube 
as  the  basis  of  our  sensor. 

The  variation  of  tube  gain  with  cathode  voltage  is 
convenient  because  it  allows  us  to  shift  the  detection  range 
(discussed  later)  to  suit  various  conditions.  The  disadvantage 
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is  that  the  high-voltage  system  hardware  that  we  selected  cost 
more  than  all  the  rest  of  the  hardware  together.  We  are 
investigating  alternative  high-voltage  supplies  for  the  needed 
expansion  of  the  system  as  the  rest  of  the  accelerator  comes  on 
line. 


The  tubes  are  built  into  a  housing  made  of  ABS  plastic, 
which  has  proved  to  be  a  consistently  effective,  inexpensive 
light  barrier  which  does  not  impose  much  shielding  even  from 
lower-energy  x-rays.  Electrical  interference  is  occasionally 
present  when  we  must  route  the  cabling  near  a  fluorescent 
lamp,  but  even  here  we  lose  at  most  only  the  lowest  decade  (5 
nA-50  nA)  of  the  system's  signal. 

Since  an  undetected  beam  loss  event  could  cause  burn 
through  of  a  cavity  costing  several  hundred  thousand  dollars 
to  repair  reliability  is  a  critical  consideration.  We  incorporated 
into  the  control  module  [6]  a  test  command  signal  which 
drives  a  light-emitting  diode  in  the  sensor.  Ibis  tests  the 
entire  beam  loss  channel  from  high-voltage  supply  through  the 
sensor  and  signal  conditioning  to  the  fault  detect  circuit 

The  LED’s  within  the  sensor  heads  are  calibrated 
precisely  against  reference  tubes;  then  each  tube  to  be  used  as 
a  BLM  is  checked  for  current  output  at  a  specific  cathode 
voltage  when  it  is  installed  into  the  sensor  bead  (figure  1). 
The  light  generates  a  current  corresponding  to  about  80%  of 
the  four  decade  logarithmic  scale  (10%  of  the  equivalent 
linear  scale)  of  the  sensor.  This  is  well  within  the  normal 
operating  range  of  the  sensors. 


Figure  1.  BLM  Sensor 


In  extensive  testing  we  found  the  best  location  to  be  well 
away  from  the  beam  line,  since  shielding  by  the  many 
magnets  of  the  CEBAF  beam  transport  system  is  worst  near 
the  beamline.  This  gives  the  further  benefit  of  reducing 
activation  of  the  metallic  parts  of  the  sensor  (discussed  later). 
In  the  accelerator  segments  we  attach  the  sensors  to  the  cable 
tray,  approximately  five  feet  above  the  beam  line,  and  in  the 
recirculation  arcs  we  attach  them  to  the  ceiling  about  eight 
feet  to  one  side  of  the  beam  lines. 
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ffl.  SIGNAL  PROCESSING 

Since  the  photomultiplier  is  a  very  low  noise  device  under 
normal  conditions,  and  the  radiation  environment  at  CEBAF 
during  normal  running  is  rather  low,  the  large  dynamic  range 
available  from  the  tube  (<5  nA  to  >100  jiA)  gave  us  the 
possibility  of  using  the  full  range  of  the  tube  to  survey  a  much 
larger  area  of  the  accelerator  than  is  reasonably  possible  with 
linear  signal  conditioning.  For  this  reason,  we  incorporated 
logarithmic  signal  conditioning,  using  Vout  =  *  log  (/in)  to 
measure  the  radiation  level  signal. 

The  log  converter  was  designed  as  a  dual  converter 
followed  by  a  differential  amplifier  (figure  2).  The  first 
converter  is  biased  at  5  nA,  the  maximum  dart  current 
(specified  at  1000  V)  for  the  931B,  and  converts  to  voltage 
the  input  current  from  the  tube  plus  die  5  nA  bias.  The  second 
converter  has  a  variable  bias  to  allow  us  to  offset  the  baseline 
output  and  thermal  drifts  of  the  first  converter.  The  log 
conversion  elements  (the  base-emitter  junction  of  a  high-gain, 
low-noise  transistor)  are  thermally  connected  so  that  thermal 
drifts  are  well  compensated. 


O-SOm 


•  o-sv 


Figure  2.  Signal  Conditioner  Block  Diagram 

Finally,  the  differential  amplifier  shifts  the  difference 
between  the  two  converter  outputs  to  a  zero  baseline,  and 
amplifies  the  output  to  scale  four  decades  of  current  (S  nA- 
50  jiA)  to  the  0-5  V  level  for  the  fault  detect  and  data 
acquisition  circuitry.  The  output  amplifier  is  slowed  to  a  4  |is 
rise  time  to  avoid  triggering  on  the  short  pulses  characteristic 
of  cosmic  radiation. 

IV.  EXPERIENCE 

In  setting  up  the  BLM’s  for  operation,  we  set  up  the  beam 
for  1  |tA  beam  current  in  a  100  Msec  wide  pulse;  this  was 
deemed  a  completely  safe  condition  for  a  beam  driven  directly 
into  any  component  of  the  accelerator.  We  then  drove  the 
beam  out  of  the  beam  line  in  all  directions  at  many  locations, 
concentrating  on  locations  and  angles  our  operations  experts 
considered  likely  and/or  particularly  sensitive  targets  of  errant 
beam.  We  set  the  cathode  voltage  and  trip  levels  for  reliable 
trip  on  the  smallest  signals  found. 

We  tried  first  for  fully  redundant  coverage  of  the 
accelerator.  This  proved  to  be  impossible  in  some  areas  of  the 
accelerator  with  the  present  density  of  BLM’s.  Where  it  was 


not  possible,  we  tried  for  full  coverage,  and  succeeded  in  all 
areas  except  the  injector  here,  we  are  forced  to  depend  upon 
a  correctly  set  up  beam  passing  through  protected  locations 
before  it  can  arrive  at  an  unprotected  location.  This  is 
generally  considered  a  safe  assumption. 

The  BLM’s  were  initially  attached  to  the  beam  line. 
Early  tests  showed  two  problems:  first,  local  beam  loss 
completely  saturated  the  sensors  even  with  very  low  cathode 
voltages  of  100  V,  and  second,  distant  loss  events  were 
completely  shielded  by  the  many  magnets  and  other 
equipment  in  the  transport  system.  We  could  not  fully  protect 
the  cryomodules  with  their  expensive  superconducting 
cavities. 

We  solved  these  problems  by  moving  the  sensors  well 
away  from  the  beam  line  as  described  above.  Experience  has 
shown  that  CEBAF’s  running  radiation  levels  are  below  the 
threshold  of  the  BLM  Systran’s  detection;  we  could  therefore 
take  advantage  of  the  property  of  a  true  loss  event  which 
generates  a  long  pointed  ellipsoid  of  high-level  radiation 
downstream  of  the  loss  event  Since  the  log  conditioners 
allow  us  to  work  effectively  with  the  full  range  of  the 
photomultipliers,  we  are  able  to  detect  the  lower  signal  levels 
characteristic  of  distant  beam  loss  events  and  still  not  damage 
the  tubes  with  overloading  due  to  strong  local  loss  signals. 
Figure  3  shows  a  plot  of  the  signal  versus  angle  of  loss  at  a 
BLM  in  the  vicinity  of  an  accelerator  cryomodule. 


30  MeV.  lot,  cathode  600V 


MBD1LOSH  current 


•oj  -at 

MBD1LMH 


0  at  02 
(atfmdtd  tnmd  cemr) 


Figure  3.  Beam  Loss  Signal  vs.  Corrector  Magnet  Current 
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The  upper  {dot  shows  the  reduction  of  signal  level  as  the 
beam  is  directed  at  very  large  angles  away  from  the  beam  line 
and  the  sensors.  BLM  570  is  actually  upstream  of  the  magnet 
being  tested:  in  this  30  MeV  test,  one  may  observe  that  there 
is  rather  Bote  back  scatter. 

The  lower  plot  is  expanded  around  the  center  of  the  upper 
plot.  BLM  *665  is  30  M  downstream  and  one  can  see  that  it 
is  effective  for  very  small  angles  of  loss,  where  the  beam  is 
lost  far  downstream  of  the  disturbing  magnet  BLM  #635  is 
the  next  nearer  BLM.  Note  that  both  BLM  #635  and 
BLM  #603  show  the  effect  of  magnet  shielding  at  +0.2A  and 
•OJA.  Note  also  that  sensing  overlaps  from  one  sensor  to  the 
next  at  approximately  midscale,  which  corresponds  to  1%  of 
an  equivalent  linear  full  scale.  It  would  be  impossible  to 
protect  the  accelerator  fully  with  linear  signal  conditioning. 

Later  tests  showed  an  increasing  pulse  noise  at  the  lower 
end  of  the  sensors’  range  which  limited  sensitivity  for  higher 
voltages.  This  noise  has  been  of  concern  since  it  was  first 
noticed  in  late  1992.  The  photomultipliers  were  originally  of 
very  low  noise,  showing  few  pulses  above  the  15  nA  level. 
The  70  that  were  in  the  accelerator  have  shown  increasing 
spurious  pulse  levels  up  to  400  na  that  required  that  they  be 
moved  to  the  higher-energy  sections  of  the  accelerator  and 
replaced  with  new  tubes  for  the  lower-energy  sections. 

It  is  not  yet  clear  whether  the  pulse  noise  derives  from 
activation  of  the  tubes  or  from  helium  contamination  due  to 
residual  helium  in  the  accelerator  tunnel.  For  several  months, 
they  were  attached  to  the  beam  line,  and  subject  to  direct 
irradiation  from  errant  beam.  Further,  our  superconducting 
accelerator  requires  great  quantities  of  helium  for  its 
operation,  and  a  certain  amount  of  that  helium  is  always 
present  in  the  tunnel  atmosphere.  Helium  is  suspect  because 
it  diffuses  into  the  tube  through  the  glass  envelope,  corrupting 
the  vacuum. 

We  are  testing  a  number  of  tubes  for  both  possibilities. 
We  have  already  determined  that  after  the  sensors  were  moved 
away  from  the  beam  line  in  February  1993  they  generally 
showed  a  marked  decrease  in  spurious  pulse  level  and 
frequency;  this  argues  for  radioactive  interference  from  the 
metallic  elements  of  the  photomultiplier  tube.  We  have  in  fact 
confirmed  that  the  worst  offenders  are  contaminated  with 
57Co  and  S^Co,  among  other  radioactive  isotopes.  We  are 
having  a  set  of  the  tubes  tested  for  helium  contamination. 


V.  CONCLUSIONS 

In  the  accelerator  the  BLM  sensors  have  so  far  performed 
adequately.  They  reliably  detect  beam  loss  at  distances 
exceeding  20  m  when  energy  is  above  100  MeV  at  1  jiA 
current;  at  reduced  energy  (i.e.,  reduced  beam  loss  radiation 
power  level),  pulse  noise  from  the  photomultipliers  causes 
spurious  trips  if  the  tubes  are  not  selected  for  low  pulse  noise. 
Recent  tests  show  a  diminution  of  this  pulse  noise  that  augurs 
well  for  the  future  when  BLM’s  are  placed  away  from  the 
beam  line. 

At  the  low  energies  of  the  injector,  the  present  BLM’s  are 


inadequate:  careful  selection  of  photomultipliers  and 
placement  of  sensor  assemblies  are  required  to  get  even  partial 
coverage  of  critical  locations.  We  are  actively  exploring 
methods  of  completing  the  coverage  of  the  injector. 

The  concept  of  using  darkened  photomultipliers  has 
proved  to  be  an  inexpensive,  effective  method  of  detecting 
beam  loss  in  the  higher-energy  segments  of  the  CEBAF 
accelerator. 


m.  REFERENCES 

[1]  P.  K.  Kloeppel,  “On  the  Temperature  Effects  of  High 
Current,  Low  Emittance  Beams,”  CEBAF-TN-85-018, 
Nov.  1985. 

[2]  C.  K.  Sinclair,  ’Time  Response  Requirement  for  the 
BLM/FSD  System,”  CEBAF-TN-92-046,  Oct  1992. 

[3]  J.  Perry,  E.  Woodworth,  "The  CEBAF  Fast  Shutdown 
System,”  CEBAF- PR-90-0 15,  or.  Proceedings  of  1990 
Linoc  Conference ,  p.  484,  Sept  1990. 

[4]  A.  T.  Young,  "Cosmic  Ray  Induced  Dark  Current  in 
Photomultipliers,”  Review  of  Scientific  Instruments  37, 
p.  1472,  Nov.  1966. 

[5]  S.  N.  Makeev  et  aL,  "Variation  of  Photomultiplier  Anode 
Current  for  Continuous  and  Pulsed  Gamma  Radiation,” 
transL  in  Instnun.  A  Exp.  Tech.  (USA).  Vol.  29,  No.  1, 
pt  2,  Jan.-Feb.  1985,  pp.  182-185. 

[6]  J.  Perry,  E.  Woodworth,  "The  Beam  Loss  Monitors  at 
CEBAF.”  CEB AF-PR -90-022,  October  1990,  or. 
Proceedings  of  the  Second  Annual  Accelerator 
Instrumentation  Workshop,  p.  294,  October  1990 


2186 


A  Scintillating  Fiber  Beam  Halo  Detector  for  Heavy  Ion  Beam  Diagnostics 

M.A.  McMahan,  A.  Assang,  S.  Herr,  F.  McCormack,  G.  Krebs,  and  B.  Feinberg 
Accelerator  and  Fusion  Research  Division,  Lawrence  Berkeley  Laboratory 
1  Cyclotron  Road,  Berkeley,  CA  94720 


Abstract 

A  prototype  beam  halo  detector  of  scintillating  Fibers 
has  been  designed  in  order  to  detect  beam  halo  problems  at  an 
early  stage  in  the  tuning  process.  The  results  of  initial 
characterization  of  the  fibers  are  presented  and  issues  of 
electronics  and  readout  discussed. 

I.  INTRODUCTION 

The  Bevalac  at  Lawrence  Berkeley  Laboratory  (LBL), 
before  its  closure  in  February  of  1993,  was  a  weak-focussing 
synchrotron  injected  by  the  SuperHILAC  linac.  The  Bevalac 
had  the  capability  of  running  protons  (up  to  5  GeV)  through 
uranium  (up  to  960  MeV/nucleon).  This  wide  range  of  beams 
and  energies  caused  unique  problems  in  beam  diagnostics, 
which  were  exacerbated  by  the  large  size  of  the  beam  in  the 
accelerator  and  the  method  of  extraction. 

A  particularly  nasty  diagnostic  problem  was  the 
measurement  of  beam  halo,  whether  caused  by  the  extraction 
process,  scraping  on  apertures,  or  charge-changing  in  the  poor 
vacuum.  The  halo  could  be  several  orders  of  magnitude  less 
than  the  peak  beam  intensity  and  thus  undetectable  during  the 
tuning  process  using  the  standard  Bevalac  wire  chambers.  Yet 
this  halo  could  wreak  havoc  with  experimenters'  detectors, 
sometimes  causing  insurmountable  background  problems.  In 
one  celebrated  case,  a  low  energy  heavy  ion  run  (the  worst 
conditions  for  extraction  problems  as  well  as  vacuum 
problems),  a  satellite  beam  14°  removed  from  the  main  beam 
made  it  through  a  whole  beam  line  and  into  delicate  detectors, 
bypassing  both  collimator  systems  and  the  target  assembly 
along  the  way. 

Because  of  experiences  like  these,  a  project  was 
embarked  upon  to  first,  characterize  the  beam  halo  and  try  to 
understand  what  was  the  predominant  cause,  and  then,  to  set 
up  a  diagnostic  system  for  beam  halo  which  the  operators 
could  use  as  part  of  the  tuning  process.  The  idea  was 
eventually  to  have  halo  detectors  in  every  beam  line.  Initial 
tests  were  done  and  a  prototype  detector  built  before  the 
closure  of  the  Bevalac.  This  detector  will  be  described  in  the 
remainder  of  this  paper. 

II.  THE  HALO  DETECTOR 

Requirements 

The  main  requirement  of  the  beam  halo  detector  was 
the  ability  to  detect  a  large  range  of  beam  intensities,  particles, 
and  energies.  This  requirement  made  the  wire  chamber  system 
useless  for  beam  halo.  For  example,  Figure  1  gives  the 
calculated  energy  loss  as  a  function  of  energy  for  ions  ranging 
from  protons  to  gold  (Z=79).  The  energy  loss  of  an  ion  in  a  1 
mm.  scintillator  ranges  from  10000  MeV  for  gold  at  low 
energies  down  to  near  0.1  MeV  for  protons  at  high  energies. 
Coupling  this  with  a  perhaps  factor  of  1000  in  beam  intensity 


between  the  main  beam  and  the  halo,  one  can  imagine  the 
magnitude  of  the  problem. 


E/A  (MeV/u) 


Figure  1.  Calculated  Energy  Loss  in  1  mm.  scintillating  fiber 

Other  considerations  were  that  the  chosen  detector 
should  be  a  high-count  rate,  radiation  resistant,  device  which 
would  integrate  well  into  the  wire  chamber  readouts  for  tuning 
purposes.  Plastic  scintillator  was  settled  on  early  as  the 
detector  material  of  choice  because  it  will  take  relatively  high 
rates  and  is  less  subject  to  radiation  damage  than  other 
material,  as  well  as  being  inexpensive  and  versatile.  Recent 
technological  advances  have  made  a  variety  of  plastic 
scintillating  Fiber  readily  available.  These  Fibers  are  beginning 
to  be  widely  used  in  high  energy  physics  as  well  as  space 
applications.  [1]  Using  fibers,  a  detector  could  be  made  that 
looked  like  a  Bevalac  wire  chamber,  mounting  on  the  same 
hardware,  but  covering  the  larger  dynamic  range  necessary  to 
tunc  on  beam  halo. 

The  Detector 

The  design  of  the  prototype  detector  is  shown  in 
Figure  2.  Because  most  of  the  wire  chambers  in  the  beam 
lines  have  wire  spacings  of  6  mm.  in  an  8"  beam  pipe,  a 
similar  geometry  was  chosen  for  the  scintillating  fiber 
detector.  Twelve  Fibers  were  used  in  each  of  two  planes 
(horizontal  and  vertical)  separated  by  approximately  1  cm.  The 
fibers  were  spaced  6  mm.  apart  in  the  central  beam  region, 
with  12  mm.  spacing  in  the  outer  halo  regions,  giving  a  total 
coverage  of  10  cm.  Each  scintillating  fiber  was  coupled  on  the 
edge  of  the  mount  to  an  optical  fiber  of  the  same  composition 
and  diameter.  The  coupling  was  done  with  a  layer  of  optical 
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grease.  The  optical  fibers  were  brought  out  of  the  vacuum 
through  an  epoxy-filled  feedthrough.  For  the  initial  tests,  each 
fiber  was  coupled  directly  to  a  photomultiplier  tube  (PMT). 


Figure  2.  Prototype  Detector 


The  Fibers 

Initial  tests  were  done  with  several  scintillating  fibers 
of  varying  diameter;  some  were  square  in  cross  section  and 
some  round.  We  settled  on  using  1  mm.  diameter  round  BCF- 
10  fiber,  a  blue-emitting  fiber  with  a  polystyrene  core  and 
PMMA  cladding  made  be  Bicron  Corporation.  [21  The  1  mm. 
diameter  was  thick  enough  so  that  the  individual  fibers  could 
be  mounted  in  a  rigid  fashion.  The  fibers  were  tested  with  a 


laser  beam,  an  electron  source,  and  in  several  test  runs  with 
different  beams. 

Electronics  and  Data  Acquisition 

A  computer  acquisition  system  was  developed  for 
these  tests  based  on  a  Macintosh  FX  [3]  running  National 
Instrument's  Labview  acquisition  software  [4]  to  read  signals 
from  standard  CAMAC  modules  over  a  GPIB  interface.  This 
acquisition  proved  to  be  slow  but  adequate  for  these  tests.  The 
output  from  the  PMTs  were  taken  into  an  Charge-to-Digital 
Converter  (QDC)  and  converted  to  a  pulse  height.  A  sample 
spectra  is  shown  in  Figure  3  for  a  300  MeV/nucleon  Au  beam 
passing  through  the  fiber,  with  a  calculated  energy  loss  of 
approximately  2300  MeV.  The  background  was  negligible  in 
these  runs,  consisting  only  of  low  pulse  height  counts  in  the 
PMTs,  and  easily  discriminated  out. 

The  use  of  individual  PMTs  with  24  channels  of 
electronics  added  a  layer  of  complexity  to  the  detector  that  was 
counter  to  the  goal  of  a  user-friendly  device  for  operator 
tuning.  For  the  next  step,  it  was  planned  to  read  all  the  fibers 
out  into  a  charge-coupled  device  (CCD).  One  could  then  either 
use  a  frame-grabber  board  h.  the  Macintosh  to  digitize  the 
CCD  output  and  convert  it  into  a  beam  profile,  or  the  CCD 
output  could  be  displayed  directly  on  a  video  monitor  in  the 
Control  Room.  Similar  systems  have  been  used  in  biological 
and  space  applications.  [1,5]  For  this  application  a  low 
resolution  but  large  dynamic  range  CCD  chip  would  be 
necessary.  It  was  not  clear  whether  an  image  intensifier  would 
be  needed  in  order  to  meet  the  dynamic  range  requirements.  If 
it  were,  it  would  add  significantly  to  the  cost.  In  order  to  try  to 
answer  this  question,  many  of  the  initial  tests  on  the 
prototype  detector  were  designed  to  get  an  estimate  of  the  light 
output  of  the  fibers  and  the  transmission  through  the  detector 
to  the  PMT.  These  tests  and  calculations  are  described  in  the 
next  section. 


Figure  3.  Online  data  for  300  MeV/nucleon  Au  going  through  a  fiber  in  the  central  region  of  the  prototype  detector.  The  PMT 
high  voltage  was  HV=-2000  V. 
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III.  Transmission  Calculations 
In  order  to  assess  whether  or  not  one  can  obtain  sufficient 
dynamic  range  with  these  fibers  to  make  a  good  halo  detector, 
as  well  as  whether  an  image  intensifier  would  be  needed  for 
use  with  a  CCD,  tests  were  made  comparing  the  response  with 
a  heavy  beam  to  that  of  an  electron  source,  and  estimates  were 
made  of  the  transmission  of  light  from  the  particle  passing 
through  the  fiber  to  the  PMT.  Figure  4  shows  a  schematic  of 
the  transmission  of  the  light  from  the  fiber  to  the  PMT,  with 
the  expected  losses  noted.  An  additional  complication  is  the 
fact  that  the  scintillation  mechanism  for  heavy  ions  is  different 
than  that  for  electrons,  and  exhibit  a  Z  dependence.  This  can  be 
estimated  from  earlier  studies  of  the  response  of  plastic 
scintillators  to  heavy  ions  [6],  if  the  assumption  is  made  that 
the  response  is  to  first  order  independent  of  the  particular 
scintillator  material. 


Figure  4.  Schematic  of  transmission  losses  in  fiber  detector. 

The  measured  light  output  of  the  detector,  Lj,  then, 
is  given  by  the  light  output  of  the  scintillating  fiber  for  a 
heavy  ion,  L^I,  multiplied  by  the  various  transmission  loss 
factors,  multiplied  by  the  gain  of  the  PMT: 

Ld  =  LHI  *  E  trapping  *  (1  -  All)*  fs f  ■  of  *  (1  -  Al2) 

*  /of  -  PMT  *  GPMT 

where  Strapping  is  the  percentage  of  total  light  piped  down  the 
fiber.  A(,  i  and  Aj  2  are  the  attenuation  factors  for  the  lengths 
of  the  scintillating  fiber  and  optical  fiber,  respectively,  /sf.0f, 
is  the  fraction  of  light  transmitted  through  the  scintillating 
fiber/optical  fiber  interface,  /of-PMT.  is  the  fraction  of  light 
transmitted  from  the  optical  fiber  to  the  PMT,  and  GpMT  is 
the  gain  of  the  PMT.  Strapping.  An,  and  A|2  are  properties 
of  the  fibers  and  are  given  in  the  data  sheet  from  Bicron  Corp. 

[2]  / sf-of,  /of-PMT.  and  GpMT  can  be  estimated  or  measured 
using  an  electron  source. 

An  attempt  was  made  to  measure  directly  the 
transmission  to  the  PMT  using  a  1  MeV  electron  source; 
unfortunately,  the  losses  are  large  enough  so  that  the  signal  is 
in  the  noise  by  the  time  it  reaches  the  PMT.  (This 
immediately  implies  that  this  detector  is  limited  to  particles 
heavier  than  protons,  where  the  energy  loss  is  greater  than  1 
MeV.  It  will  probably  also  not  work  with  helium,  since  the 


energy  loss  from  Figure  1  is  around  1  MeV,  and  the  light 
output  is  decreased  for  a  heavy  ion  relative  to  an  electron  of 
the  same  energy  loss.  [7] ) 

An  estimate  of  the  transmission  from  Eqn.  1  can  be 
made,  knowing  the  attenuation  lengths  At,  1  and  A|  2  are  equal 
and  given  by  the  manufacturer  as  2  meters  for  a  1/e  drop  in 
light,  and  trapping  is  given  by  the  manufacturer  as  3.4%  (it 
may  be  higher  since  one  end  of  the  fiber  was  made  reflective). 
The  scintillation  efficiency  of  the  fiber  is  quoted  by  Bicron  to 
be  2.8%  for  electrons  or  minimum-ionizing  particles,  that  is, 
2.8%  of  the  energy  is  converted  into  light.  The  scintillation 
photons  have  an  average  energy  of  3  eV.  [2]  Therefore  with  a 
1  MeV  electron,  =9000  photons  are  made,  of  which  350  make 
it  to  the  end  of  the  fiber.  1 1  +  1 2  was  approximately  0.5 
meters,  so  the  attenuation  in  the  fiber  is  small.  The  coupling 
between  the  scintillating  fibers  and  optical  fibers  should  be 
near  100%  efficient  as  the  two  sets  of  fibers  are  well  matched 
in  size  and  composition.  So  we  can  estimate  that  300 
photons,  or  900  eV  of  light  make  it  through  the  fibers.  The 
coupling  to  the  PMT  was  not  good  for  these  tests,  as  the 
PMTs  were  much  larger  than  is  optimum  to  couple  to  a  1 
mm.  fiber.  Coupling  the  fibers  to  a  CCD  should  be  more 
efficient.  For  Au  at  300  MeV/u,  the  energy  loss  in  the  fiber  is 
3000  MeV,  so  =10^  photons  should  make  it  to  the  PMT.,  not 
taking  into  account  decrease  in  light  output  for  Au  relative  to 
electrons,  which  isn't  known  at  these  energies. 

IV.  Conclusion 

A  prototype  scintillating  fiber  detector  was  built  and 
tested  with  heavy  ions  at  the  Bevalac.  In  addition  to  the  Au 
beam  results  shown  here,  the  detector  was  used  to  look  at  La 
and  Ne  beams.  These  beams  were  easily  seen  with  the  detector, 
but  because  of  efficiency  problems,  one  detector  will  not  cover 
the  full  range  of  ions  and  energies  run  at  the  Bevalac.  A  second 
detector  could  be  made  with  thicker  fibers  for  the  light  ions. 
This  detector  appears  to  be  a  useful  device  for  this  application. 
The  use  of  CCD  readouts  rather  than  PMTs  would  make  it 
more  portable  and  straightforward  to  use.  An  image  intensifier 
would  probably  be  necessary  in  the  halo  regions  (not  the 
central  beam  regions)  to  obtain  the  dynamic  range  that  is 
desirable. 
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Abstract 


Described  are  the  results  on  examination  in  the  70 
GeV  proton  circulating  beam  of  beam  loss  monitor  (BLM) 
called  QUAD,  having  been  developed  for  the  the  UNK-I. 
The  specific  feature  of  QUAD  is  its  special  design:  quasi-2rr 
geometry  of  sensitive  volume  and  installation  directly  on 
the  accelerator  beam  pipe  for  increasing  its  sensitivity  to 
the  beam  loss  and  reproducibility.  The  significant  advan¬ 
tages  of  QUAD  (air-filled,  diaphragm-type,  four-module 
ion  chamber)  against  the  traditionally  remoted  from  the 
accelerator  beam  pipe  BLM’s  have  been  proved.  Experi¬ 
mental  results  are  presented  together  with  the  computer 
simulation  ones  for  investigated  and  for  the  TeV  beam  en¬ 
ergies. 

I.  INTRODUCTION 


In  [1]  the  package  of  BLM’s,  developed  for  the  UNK 
project  on  the  basis  of  common  approach  to  their  design, 
was  described.  The  advantages  of  these  BLM’s,  having 
quasi-2rr  geometry  of  sensitive  volumes  and  placed  direct¬ 
ly  on  the  accelerator  beam  pipe,  against  the  traditional 
ones  were  put  forward  on  the  basis  of  computer  simula¬ 
tion  results  and  the  experience  of  beam  loss  monitoring 
in  a  high-intensity  70  GeV  extracted  proton  beam.  Nev¬ 
ertheless,  some  questions  on  this  approach  efficiency  on 
circulating  beam  remained  to  be  answered.  The  first  in¬ 
dustrial  batch  of  QUAD’S  has  been  manufactured.  The 
devices  were  tested,  and  the  results  are  presented  in  this 
article. 

II.  QUADs  TESTING  IN  THE  U-70 
CIRCULATING  BEAM. 

First  of  all,  the  effectiveness  of  the  proposed  concept 
on  BLM’s  design  in  the  70  GeV  circulating  proton  beam 
was  examined  with  QUAD’S  in  comparison  with  the  tra¬ 
ditional  BLM’s:  Ar-filled  Ion  Chamber  (ArIC)  and  Scin¬ 
tillating  BLM  (Sc).  The  performance  of ‘local’  BLM’s  — 
QUAD’S,  installed  directly  on  the  accelerator  beam  pipe, 
and  the  ‘remote’  ones  —  ArIC  and  Sc.,  removed  from  the 
beam  at  a  distance  of  about  1  m,  has  been  investigated  for 
the  cases  of  local  and  remote  sources  of  beam  loss.  Within 
the  ‘remote’  class  of  BLM’s,  different  types  of  them  were 
compared:  with-  and  without  the  inner  amplification  of 
signal.  Analysing  the  data,  we  compared  our  results  with 


Figure  1:  Common  view  of  QUAD,  installed  on  its  duty 
position  at  the  UNK-I  ring. 

[2),  where  the  performance  of  ‘remote’  BLM’s  in  a  high 
energy  proton  beam  was  studied  in  detail.  The  obtained 
results  completely  agreed  with  conclusions  of  [2]  for  this 
class  of  BLM’s.  Briefly  about  the  objects  of  the  study: 

•  QUAD  is  a  diaphragm-type,  four-module,  air-filled 
pprallel-plate  ion  chamber  with  working  gap  4mm  and  to¬ 
tal  active  volume  0.9  litre,  which  correspondes  to  sensitiv¬ 
ity  0.35  pA/rad-s-1.  It  is  very  handy  in  use  device,  self- 
tuning  and  -fixing  directly  on  the  accelerator  beam  pipe 
with  any  size  and  shape  in  the  aperture  ranging  from  30 
to  215mm.  It  needs  only  60  mm  of  free  space  along  the 
beam  pipe  to  be  installed  and  may  be  used  in  single,  two- 
or  four-channel  operational  mode.  Other  details  are  given 
in  [1].  Fig.  1  presents  the  common  view  of  the  device,  in¬ 
stalled  on  Us  duty  position  in  UNK-I  ring. 

•  ArIC'  is  an  Ar-filled,  1.5  litre  volume,  parallel  plate  1C 
with  6  mm  working  gaps. 

•  Sc.  —  includes  10  cm3  plastic  scintillator,  connected 
by  means  of  a  1.2  m  polished  tube  with  a  photomultiplier 
(PM),  and  placed  in  the  median  plane  of  the  accelerator 
insidf  Fig.  2  presents  the  scheme  of  BLM’s  study  in  the 
circulating  beam.  QUAD1  was  installed  upstream  the  sep¬ 
tum  magnet  and  QUAD2,  ArIC  and  Sc.  —  downstream. 
Q1  and  Q2  were  installed  on  the  220  nun  beam  pipe  at  3.5 
m  distance  from  one  another. 
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Figure  2:  Scheme  of  BLM’s  study  on  U-70  circulating 
beam. 
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Figure  3:  Bias  curves  of  ArIC  and  QUAD  in  the  radiation 
fields  of  about  1.0  and  60.0  krad  s- 1  respectively. 


ArIC  was  placed  on  the  top  of  magnet  block  1  m  ver¬ 
tically,  and  Sc.  —  in  the  median  plane  0.75  m  inside  the 
accelerator.  The  partition  of  Septum  magnet  was  consid¬ 
ered  as  a  local  beam  loss  source  and  thick  Internal  Target 
18  m  ahead  —  as  a  remote  one.  The  first  question,  we  had 
to  answer,  was  the  correctness  of  our  choice  of  Air  for  filling 
the  IC-type  BLM.  Fig.  3  demonstrates  the  excellent  per¬ 
formance  of  air-filled  QUAD  in  the  60  krad-s-1  radiation 
field,  the  hardest  one,  expected  at  the  future  machines. 

We  also  calibrated  the  QUAD2.  In  its  real  position  the 
specific  response  of  Q2  to  the  beam  loss  on  Septum  magnet 
was  0.5210-3  pA/prot.s-1,  which  agreed  within  30%  with 
the  computer  simulation  results  for  real  conditions  and  ap¬ 
proximately  agreed  with  the  results  of  computer  simulation 
in  the  TeV-energy  region  for  the  case  of  linear  extrapola¬ 
tion  in  energy  scale,  corroborated  for  BLM’s  in  (2).  The 
results  on  relative  study  of  sensitivity,  reproducibility  and 
correlations  of  different  BLM’s  are  summarized  in  table  1. 
First  of  all,  one  can  see  the  significant  superiority  in  sen¬ 
sitivity  of  Q2  against  the  ArIC.  It  should  be  noticed,  that 
in  order  to  express  the  Q2  and  ArIC  relative  sensitivity  in 
correct  terms,  factor  20  from  the  table  for  local  loss  should 
be  additionally  multiplied  by  3  (one  should  take  into  ac¬ 
count  the  difference  in  their  volumes  and  sensitive  media). 
As  a  result,  the  total  gain  in  sensitivity  due  to  the  geomet¬ 
ric  factor  only,  is  about  60  for  70  GeV  lost  protons.  Under 
real  conditions  of  future  machines  the  additional  strong  at¬ 
tenuation  factor  of  shielding  matter  will  take  place.  Sum- 


raoic  c:  djjivi  s  reiawve  sensitivities,  reproaucioniiies  aim 
correlations _ _ _ 


Specification  of  used  Marks 


I-Beam  hit. 


1— Ql 


11-.25Q1 


2  Q2 


Local  source  of  beam  loss  -  Septum  Magnet. 


Statistical 


Pair  of  objects  for  stat.  processing 


parameter 

1-21 

11-2 

11-3 

11-4 

2-3 

21-3 

mean  ratio 

0.47 

0.04 

0.71 

— 

20.1 

9.1 

c7r(%) 

1.6 

6.0 

3.7 

6.3 

0.6 

1.1 

correl. 

0.63 

0.76 

0.88 

0.70 

1.00 

0.96 

Remote  source  of  beam  loss  -  Internal  Target. 


Statistical 


Pair  of  objects  for  stat.  processing 


parameter 

1-21 

11-2 

11-3 

11-4 

2-3 

— 

mean  ratio 

2.0 

0.5 

7.2 

— 

14.0 

— 

0.5 

1.0 

11.6 

11.6 

7.3 

— 

correl. 

1.00 

1.00 

0.52 

0.53 

0.46 

— 

Specification  of  used  Marks 

I-Beam  Int.  21-.75Q2  3-ArIC' 

4-Sc. 

Local  source  of  beam  loss  -  Septum  Magnet. 

Statistical 

parameter 

Pair  of  objects  for  stat.  processing 

2-4 

21-4 

3-4 

1-1 

21-1 

4-1 

mean  ratio 

<M%) 

correl. 

5.2 

0.62 

4.2 

0.80 

5.3 

0.61 

14.7 

0.12 

44.7 

0.42 

39 

0.48 

Remote  source  of  beam  loss  -  Internal  Target. 

Statistical 

parameter 

Pair  of  objects  for  stat.  processing 

2-4 

— 

3-4 

1-1 

21-1 

— 

mean  ratio 

<M%) 

correl. 

7.4 

0.45 

— 

0.7 

0.98 

0.7 

1.00 

0.9 

1.00 

— 

marizing  all,  we  can  conclude,  that  ‘local’  IC  in  the  simple 
charge  collection  mode  of  operation  provides  the  same  sen¬ 
sitivity  to  the  local  beam  loss  as  the  ‘remote’  BLM  with 
inner  amplification  of  signal. 

Conclusion  1:  to  be  sensitive,  BLM  should  be  ‘local’. 

The  accuracy  (reproducibility)  of  Q2  and  ArIC  were 
in  the  case  of  local  beam  loss  the  same,  to  an  accuracy 
of  0.5%,  which  also  agree  with  [2],  and  their  correlation 
coefficient  was  0.999!  On  the  contrary  the  accuracy  and 
correlations  have  been  dramatically  lost,  if  we  use  Sc.  mon¬ 
itor  with  inner  amplification  of  signal. 

Conclusion  2:  inner  amplification  of  signal  is  a  great  dis¬ 
advantage  of  any  BLM. 

Mark  ‘21’  in  the  table  is  used  for  Q2  with  a  weakly  violated 
geometry:  one  of  four  modules,  namely  -  inner  in  the  me¬ 
dian  plane,  was  switched  off.  Result:  sensitivity  decreased 
twice  and  accuracy  deteriorated  twice  as  well. 

Conclusion  3:  in  the  case  of  local  loss  the  ‘local’  BLM 
should  have  2?r  geometry  of  sensitive  volume.  With  energy 
growth  this  demand  becomes  rigider.  Some  other  conclu- 


2191 


sums  can  be  extracted  from  this  table,  for  example:  beam 
halo  weakly  correlates  with  beam  intensity. 

Now  let  consider  the  case  of  remote  source  of  beam 
loss.  The  situation  changes.  The  2ir  geometry  of  ‘local’ 
BLM  isn't  necessary  now  to  provide  the  desired  0.5  -  1.0% 
reproducibility.  Mark  Tl’  in  the  table  is  used  for  Q1  with 
a  strongly  violated  geometry:  only  one  of  four  modules, 
namely  -  inner  in  the  median  plane,  was  switched  on.  But 
one  can  see  110  loss  in  accuracy,  the  sensitivity  decreased 
only,  proportionally  to  the  active  volume  decreasing.  One 
can  see  also  the  excellent  correlations  between  Ql,  Q2  and 
Intensity  on  the  target  on  one  hand  and  on  the  other  hand 

—  nice  correlation  between  ‘remote’  BLM’s  and  bad  be¬ 
tween  them  and  QUAD’S. 

Conclusion  next:  in  the  case  of  remote  beam  loss,  ‘local’ 
and  ‘remote’  BLM’s  indicates  different  sources.  Ql,2  indi¬ 
cates  Intensity  of  remote  loss,  but  ArIC  and  Sc.  -  ?  May 
be  the  equilibrium  background  in  the  accelerator  tunnel, 
because  of  their  excellent  correlation  and  relative  repro¬ 
ducibility.  In  any  case  they  are  useless  to  signal  the  dan¬ 
gerous  situation  for  strong  remote  beam  loss. 

Finally  we  can  conclude  that  air-filled  QUAD  is  very 
sensitive,  precise,  handy  and  flexible  in  use  BLM,  abso¬ 
lutely  adequate  for  different  applications  in  high-energy 
“warni”  machines  in  addition  to  its  primary  function. 
While  it  is  very  sensitive  and  reproducible,  it  can  be  used  in 
the  multichannel  operational  mode  for  alignment  of  some 
accelerator  equipment,  scrapers  for  example,  for  beam  ha¬ 
lo  study,  •  •  •  The  only  advantage  of  Sc.  BLM  against  the 
IC  ones  is  its  very  fast  response  to  the  instantaneous  loss 

-  in  the  11s  range.  But  it  is  hard  to  imagine,  where  this 
advantage  possibility  may  be  taken  in  the  beam  loss  mon¬ 
itoring. 

One  can  see,  that  some  results  in  table  1  are  contra¬ 
dictory  and  the  table  needs  to  be  completed  with  some 
data.  So,  we  are  planning  to  complete  the  set  of  ‘remote’ 
BLM’s  with  an  extended  IC,  similar  to  the  one,  used  in  [2]: 
fabricated  from  spirally  insulated,  air  dielectric  coaxial  ca¬ 
ble.  The  reason  is, that  the  extended  ‘remote’  BLM  (but  in 
proportional  operation  mode,  which  is  worse,  see  concl.  2 
and  ill  addition  a  rather  complex  intercalibration  problem 
needs  to  be  solved  in  this  case),  has  been  now  announced 
as  the  main  competitor  to  our  proposals  both  for  ‘warm’ 
and  SC  machines,  see  part  2  of  this  work.  [3].  We  are  also 
going  to  provide  these  measurements  with  more  accurate 
loss  and  beam  intensity  monitoring.  The  ‘Sc.’  BLM  also 
should  be  modified  to  be  compatible  with  the  electronics 
we  used  for  1C  monitors:  a  current  to  frequency  converters 
[4].  We  will  try  also  to  complete  our  experimental  set¬ 
up  with  a  shielding  matter  between  Septum  magnet  and 
‘remote’  BLM’s  in  order  to  simulate  correctly  their  real 
environment  in  the  future  high-energy  ‘warm’  machines. 

III.  CONCLUSIONS 

The  main  conclusion:  the  right  way  on  the  designing 
of  BLM’s  with  2ir-geometry  of  their  sensitive  volumes  for 


the  beam  loss  monitoring  on  super-high  energy  machines 
is  proved  in  all  principal  points  by  means  of  experimental 
study  on  circulating  and  extracted  70  GeV  proton  beams. 
The  proposed  IC-types  BLM’s  combine  a  capability  for 
high  dose  rates  with  a  sensitivity  and  precision,  which  al¬ 
low  the  interpretation  of  minute  perturbations  that  may 
signal  the  onset  of  a  failure.  They  will  provide  very  sen¬ 
sitive,  reproducible,  reliable  and  handle  beam  loss  moni¬ 
toring  to  be  used  in  addition  to  their  main  specification 
as  a  diagnostic  tool  for  beam  halo  study  at  extremely  low 
levels,  starting  from  104-105  protons  in  sub-TeV  region  of 
energy,  and  in  some  other  applications.  This  paper  is  the 
first  half  of  a  common  work  and  is  devoted  to  the  beam 
loss  monitoring  in  the  ‘warm’  machines.  The  second  one, 
to  be  presented  at  this  Conference  also,  is  devoted  to  the 
case  of  beam  loss  monitoring  in  the  SC  accelerators. 

Although  the  main  address  of  our  activity  are  the 
SC  accelerators-colliders,  the  high-energy,  high-intensity 
“warm”  machines  also  need  an  effective  tool  for  beam 
loss  monitoring,  and,  on  the  other  hand,  they  may  be 
considered  as  the  excellent  test-site  to  accumulate  experi¬ 
ence  in  BLMS  use  in  different  applications.  Unfortunately 
this  work  cann’t  be  carried  out  completely  in  our  existing 
70  GeV  machine,  where  we  found  only  several  places  for 
QUAD  installation,  although  it  needs  only  60  mm  of  free 
space  along  the  beam  pipe  to  be  installed.  So,  we  are  wait¬ 
ing  for  the  commissioning  of  UNK-I,  400  GeV  proton  ring, 
to  test  the  declared  new  possibilities  of  BLMS,  based  on 
the  QUAD’S.  [5], 

The  authors  are  very  grateful  to  A.E.Yakutin  for 
his  assistance  in  operating  with  liquid  helium,  Dr. 
V.I. Terekhov  and  I.V.Krnpchenkov  for  the  electronics 
we  used  in  measurements,  Drs.  N.V.Mokhov  and 
A.A.Aseev  for  the  instructive  discussions  on  the  subject, 
and  F.M.Solodovnik  for  his  help  in  data  processing. 
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System  for  use  in  the  Fermilab  Antiproton  Rings 
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P.O.  Box  500,  Batavia,  IL  60510-0500 


ABSTRACT 

As  part  of  a  general  laboratory  cleanup  of  hazardous 
materials  from  the  accelerator  enclosures  we  have  replaced  the 
liquid  scintillator  based  paint  can  type  beam  loss  monitors 
with  improved  loss  monitors  based  on  plastic  scintillator. 
This  paper  describes  the  design  of  these  counters  and  their 
performance  in  the  PBAR  source. 

I.  HARDWARE  DESIGN 
New  loss  monitors  for  the  antiproton  source  at  Fermilab 
have  been  constructed  and  installed.  These  are  based  on  NE102 
plastic  scintillator,  and  have  been  designed  to  be  sensitive  to 
single  lost  particles  and  short  lived  nuclear  decay  products. 
Figure  1  shows  the  design  of  the  scintillator  and  light  guides. 


Side  View  Front  View 


NE102  or  equivalent 


1  /  2* 

Figure  1.  Loss  monitor  light  guides  and  scintillator. 


t  Operated  by  the  Universities  Research  Association,  Inc 
under  contract  with  the  U.S.  Department  of  Energy. 


The  4"  x  2"  x  1/2"  pieces  of  scintillator  are  glued  to  36” 
long  lucite  light  guides.  The  light  guides  are  used  to  keep  the 
phototubes  away  from  the  stray  fields  and  particles  near  the 
beam  pipe.  A  small  lucite  coupling  attachment  is  glued  to 
the  top  of  the  light  guide  to  hold  the  side  view  RCA  4552 
photomultiplier  tubes.  The  RCA  4552  photomultiplier  tubes, 
which  are  recycled  from  the  paint  can  detectors,  are  an 
excellent  tube  for  this  application  because  the  solid 
photocathode  is  a  much  more  rugged  than  a  head  on  phototube. 
Figure  2  shows  a  photograph  of  the  light  guide  with  a 
phototube  inserted  into  the  coupling  attachment. 


Figure  2.  Photograph  of  loss  monitor  light  guides.  A 
phototube  is  shown  inserted  in  the  coupling  attachment. 


The  base  of  the  phototube  was  modified  to  have  a  smaller 
standing  current  than  the  original  paint  can  loss  monitors.  We 
use  a  100  pa  resistive  voltage  divider,  which  should  protect 
the  phototube  from  being  damaged  by  large  losses. 
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The  entire  assembly  shown  in  Figures  1  and  2  is  housed  in 
a  gray  PVC  schedule  80  pipe,  as  is  shown  in  Figures  3  and  4. 
This  inexpensive  housing  has  proven  to  be  very  durable. 


«ur  pvc  pipe  uso 

TO  DOSE  BUT  ASSEWU 


Figure  3.  Drawing  of  PVC  loss  monitor  housing. 


II.  READOUT 

The  loss  monitors  are  read  out  using  obsolete  equipment 
from  the  HEP  equipment  pool.  We  use  LeCroy  61 2A 
photomultiplier  amplifiers  with  20  db  gain  to  amplify  the 
signals  from  the  phototubes.  These  signals  are  then  fed  into 
discriminators  and  readout  with  CAMAC  scalars.  Figure  5 
shows  a  block  diagram  of  the  readout  system.  We  have  a  large 
number  of  different  types  of  discriminators,  most  have  a  100 
mv  threshold.  We  most  often  left  the  CAMAC  scalars 
counting  continuously,  and  cleared  them  at  a  1  HZ  or  1SHZ 
rate. 

m.  PREDICTED  AND  MEASURED  SIGNAL 
SIZE 

Paint  can  type  loss  monitors  are  much  more  sensitive  to 
beam  loss  than  ion  chambers.  We  have  measured  signal  sizes 
about  7000  times  larger  from  "paint  can"  loss  monitors  with 
respect  to  ion  chambers.  This  is  due  to  the  large  gain  of  the 
photomultiplier  tube.  In  the  PBAR  source  we  often  have  very 


small  beam  currents,  so  the  sensitivity  to  very  small  losses  is 
desired. 

We  estimate  the  signal  size  for  minimum  ionizing 
particles  as  follows.  The  dE/dx  energy  loss  in  the  scintillator 
is  about  1.9  MeV/cm.  The  light  yield  of  plastic  scintillator  is 
about  1  photon  per  100  eV.  We  estimate  that  about  10%  of 
the  light  from  the  scintillator  is  captured  by  the  light  pipe, 
and  about  20%  of  this  captured  light  shines  on  the 
photocathode.  The  quantum  efficiency  of  the  photocathode  is 
about  10%,  and  the  phototube  gain  is  about  3x10^. 
Combining  all  these  factors  gives  a  signal  size  of  about  10** 
electrons  in  about  a  20  ns  pulse,  or  about  a  40  mv  pulse  into 
50  ohms.  This  is  too  small  for  our  discriminators  to  detect 
without  amplification,  but  with  amplification  these  signals 
are  easily  seen. 


Figure  4.  Photograph  of  PVC  loss  monitor  housing. 


Comae  Scalar 


Figure  5.  Loss  monitor  readout  block  diagram. 
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The  actual  counters  give  about  20  mv  signals  before 
amplification  from  1.2  MeV  gammas  from  a  Co^O  source. 
This  demonstrated  level  of  sensitivity  allows  the  loss  monitors 
to  be  sensitive  to  both  minimum  ionizing  tracks  and  short 
lived  radioactive  states  produced  by  interacting  beam. 


IV.  PERFORMANCE  IN  THE  BEAM 
During  a  recent  studies  period  we  tested  the  usefulness  of 
the  loss  monitors  for  determining  the  location  of  aperture 
restrictions.  To  demonstrate  that  the  loss  monitors  could 
locate  obstructions  in  the  beam  we  measured  the  loss  monitor 
counting  rates  in  both  the  accumulator  and  debuncher  storage 
rings  as  a  scraper  was  slowly  inserted  into  the  beam.  Figure  6 
is  a  reproduction  of  our  loss  monitor  display  program  taken 
during  one  of  these  tests.  The  figure  shows  a  three  piece  linear 
representation  of  the  debuncher  storage  ring,  with  the  lattice 
beta  functions  and  the  beam  pipe  size  shown  for  reference. 
The  counting  rates  in  the  loss  monitors  are  displayed  on  top. 
There  are  large  losses  just  downstream  of  the  scraper,  while 
the  other  loss  monitors  in  the  ring  show  no  signals.  This  test 
and  others  showed  that  the  loss  monitors  could  determine  the 
location  of  aperture  restrictions. 


6502  :>?0»  55010  t>5Q»«  05010  0(010  0(014  0(010  0(Q( 
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Figure  6.  Debuncher  loss  monitor  rates  while  scraper  at 
the  location  shown  is  slowly  inserted. 


In  real  practice  the  locations  of  aperture  restrictions  in  the 
accelerators  were  found  by  injecting  8  GeV/c  protons,  then 
heating  the  beam  slowly  by  applying  white  noise  through  the 
transverse  damper  system.  The  location  of  aperture  restrictions 
was  observed  where  the  loss  monitors  counted  the  highest 
The  improved  loss  monitors  proved  to  be  a  useful  tool  during 
the  last  studies  period  for  improving  the  aperture  of  the  two 
storage  rings  in  the  PBAR  source. 
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The  Advanced  Photon  Source  (APS)  vacuum  system  has 
been  designed  to  be  passively  «»fe  from  bending  magnet  radi¬ 
ation  heating  at  po._ tron  beam  currents  up  to  30  mA.  Above  this 
value,  certain  components  may  be  damaged  from  vertical  beam 
missteering,  although  work  is  proceeding  to  raise  the  safe  current 
threshold.  Because  of  this,  a  system  for  preventing  the  misalign¬ 
ment  of  high  power  density  beams  is  required.  This  report  details 
a  system  for  protection  from  dipole  radiation  only.  Work  on  a 
system  for  ID  radiation  is  continuing. 

I.  INTRODUCTION 

Radiation  from  bending  magnets  is  emitted  in  fans  emanat¬ 
ing  from  the  positron  beam  as  it  follows  a  nominally  circular  tra¬ 
jectory  through  each  of  the  80  dipole  magnets  in  the  storage  ring. 
The  nominal  power  emitted  due  to  bending  magnet  radiation  is 
1.6  MW  at  a  beam  current  of  300  mA.  The  distribution  of  ra¬ 
diated  power  with  vertical  angle  above  the  accelerator  midplane 
is  quite  accurately  described  by  a  Gaussian  distribution  with  an 
rms  width  given  by  a = 0.608  /  y,  where  y  is  the  relativistic  factor, 
equal  to  13,700  for  the  APS  beam  energy  of  7  GeV.  Therefore 
o=  44  prad,  and  the  power  per  unit  solid  angle  in  the  midplane, 
averaged  over  horizontal  angles  is  dP/dQ  =  1.6MW/2n/1000/ 
( 2  jc)I/2  a  =  2.3  kW/mrad2  at  300  mA. 
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Figure  1.  Cross  Section  of  Storage  Ring  Vacuum  Chamber. 

The  positron  beam  is  confined  to  move  within  the  storage 
ring  vacuum  chamber  extrusion,  whose  cross  section  is  shown  in 
Figure  1.  Each  sector  is  broken  down  into  six  vacuum  chamber 
sections.  Bellows  are  located  between  storage  ring  vacuum 
chamber  sections  and  allow  a  certain  amount  of  mechanical  com¬ 


pliance  between  chambers  to  facilitate  small  motions  for  align¬ 
ment  purposes.  Located  within  each  bellows  assembly  is  an  rf 
liner  which  yields  a  smooth  electrical  transition  from  one  vacu¬ 
um  chamber  section  to  the  next  and  must  be  shadowed  from  syn¬ 
chrotron  radiation  at  all  power  levels.  The  shadowing  is  accom¬ 
plished  by  small  tapered  spacers  which  are  attached  inside  the 
upstream  and  downstream  flanges  of  all  chambers.  These 
spacers  will  be  subjected  to  synchrotron  radiation  heating  during 
beam  missteering  conditions  and,  in  fact,  are  responsible  for  the 
beam  intensity  limitation  during  commissioning.  Above  100 
mA  curved  vacuum  chamber  sections  can  be  damaged  by  syn¬ 
chrotron  radiation.  This  occurs  when  the  beam  is  parallel-trans¬ 
lated  vertically  by  an  amount  greater  than  5  mm  (see  Figure  1). 
The  bellows  spacers  and  curved  chambers  are  the  only  compo¬ 
nents  at  risk  from  vertically  missteered  dipole  radiation. 

Shown  in  Table  1  are  values  for  horizontal  and  vertical  ac¬ 
ceptances  for  various  phases  of  storage  ring  operation.  For  com¬ 
missioning,  the  entire  storage  ring  vacuum  chamber  will  by  and 
large  have  the  cross  section  shown  in  Figure  1 .  Following  com¬ 
missioning,  insertion  devices  will  be  installed  in  two  stages.  Ini¬ 
tially,  chamber  with  a  6-mm  vertical  half  aperture  will  be 
installed  (Phase  I),  and  mature  operation  (Phase  II)  entails  the 
installation  of  insertion  device  vacuum  chambers  with  a  4-mm 
half  aperture. 

Once  one  has  the  values  for  the  acceptances  given  in  Table 
1 ,  it  is  a  simple  matter  to  find  the  maximum  position  and  angle 
caused  by  a  global  closed  orbit  distortion  anywhere  around  the 
ring. 

II.  BEAM  ABORT  INTERLOCK 

The  beam  abort  interlock  associated  with  beam  missteering 
is  part  of  the  overall  machine  protection  system  (MPS),  which 
encompasses  all  mechanisms  which  can  potentially  damage  the 
machine.  Common  to  all  MPS  input  is  a  method  for  turning  off 
the  beam;  at  the  APS  the  chosen  method  is  to  momentarily  inter¬ 
rupt  the  rf  system.  This  ensures  that  the  beam  will  lose  energy 
and  spiral  inwards,  to  be  totally  lost  in  less  than  300  microse¬ 
conds  [1],  This  process  can  be  made  even  faster  and  the  loss 
localized  by  placing  a  horizontal  aperture  limitation,  or  scraper, 
at  a  location  of  large  horizontal  dispersion  [2]. 


Table  1.  APS  Storage  Ring  Acceptances 


Acceptance  A,  mm-mrad  Limiting  Aperture  a,  in  mm 


20.4  20.85 


P  (m)  at  limiting  aperture 


21.3 


Vertical,  commissioning 


Vertical,  Phase  I 


Vertical,  Phase  II 


Horizontal 
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The  proposed  diagnostics  for  detecting  a  potentially  damag¬ 
ing  beam  missteering  condition  are  tungsten  wires  strung  inside 
the  vacuum  chamber  in  pairs,  one  wire  above  and  one  below  the 
beam  axis.  Bringing  the  wire  ends  out  of  the  vacuum  system 
through  a  vacuum  feedthrough,  a  resistance  measurement  can 
easily  be  made  and  translated  directly  into  a  temperature  mea¬ 
surement.  Shown  in  Figure  2  is  a  plot  of  resistivity  vs.  tempera¬ 
ture  for  tungsten.  At  high  temperatures,  the  dependence  is  al¬ 
most  linear. 


Resistivity  of  Tungsten  vs.  Temperature 


Temperature  [Degrees  K] 

Figure  2.  Variation  of  Tungsten  Resistivity  with  Temperature. 

The  tungsten  wires  will  be  incorporated  into  a  total  of  80  ac¬ 
celerator  absorbers  located  downstream  of  dipole  sources. 
Shown  in  Figure  3  is  a  schematic  of  a  radiation  absorber  assem¬ 
bly  with  two  tungsten  wires  strung  behind  it  such  that  the  radi¬ 
ation  strikes  the  wires  at  an  angle  of  4.5  degrees,  approximately 
80  mrad.  The  figure  indicates  that  the  wires  will  heat  up  if  pho¬ 
tons  strike  the  absorber  between  3.5  and  5  mm  vertically  from  the 
nominal  positron  beam  midplane.  Because  the  beam  has  some 
width,  the  centroid  of  the  photon  beam  will  be  effectively  limited 
to  lie  between  3.0  and  5.5  mm,  since  2  a  is  about  0.5  mm 

Shown  in  Figure  4  is  a  positron  phase  space  plot  showing  the 
limitations  imposed  by  the  wires.  The  figure  is  a  projection  of 
vertical  phase  space  as  viewed  from  the  downstream  end  of  a  di¬ 
pole  magnet  One  can  extend  this  concept  and  map  all  80  pairs 
of  wires  onto  the  same  plot.  What  results  is  the  160-sided  poly¬ 
gon  producing  an  effective  vertical  acceptance  limit  of  A  =  0.45 
mm-mrad.  This  means  that  global  orbit  distortions  will  be  lim¬ 
ited  by  the  interlock  system  to  vertical  displacements  no  larger 

that  ypA=  2.9  mm  at  0  =  19.0  meters  and  angles  no  larger  than 

/yA= 0.2  mrad  inside  the  dipole.  What  remains  are  the  effects 
of  purely  local  orbit  distortions,  which  are  generally  too  weak  to 
cause  the  beam  to  strike  any  at  risk  components  without  first 
striking  a  downstream  wire  monitor. 


ID.  CALCULATION  OF  WIRE  TEMPERATURE 

Recall  that  the  accelerator  vacuum  system  is  deemed  to  be 
passively  safe  from  dipole  radiation  at  beam  currents  below  30 
mA.  At  currents  less  than  this,  it  is  desirable  to  inhibit  the  action 


Conceptual  Design  for  Wire  Monitor 

Top  Vtaw 


Figure  3.  Concept  for  Interlock  Diagnostic  Built 
into  a  Radiation  Absorber. 


Figure  4.  Projection  of  EA3  Wires  onto  Positron  Phase 
Space  at  Downstream  End  of  AM. 


of  the  interlock,  e.g.  for  the  purpose  of  orbit  studies.  Therefore, 
in  order  to  have  a  margin  of  safety,  the  tungsten  wires  must  be 
able  to  withstand  direct  irradiation  from  bending  magnet  sources 
for  sustained  periods  of  time  at  beam  currents  up  to  30  mA,  and 
much  higher  if  possible. 

The  primary  mechanism  for  cooling  of  the  wire  is  black 
body  radiation.  One  can  solve  for  the  equilibrium  wire  tempera¬ 
ture,  arriving  at 


TL 


1  dP 
A,  o  e  L2  d£2 


(1) 
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where  Tw„  and  are  the  wire  and  ambient  temperature  in 
degrees  Kelvin  respectively,  c  is  the  Stefan-Boltzmann 
constant,  and  e  is  the  wire  surface  emissivity.  For  reference, 
(1/L2 )  dP/dfl  -  27.2  Watts/cm2  peak  for  each  milliamp  of 
positron  beam  current  at  L  =  5.3  meters,  corresponding  to  the 
typical  source  -  wire  distance. 


Tungsten  Wire  Temp  vs.  Current  (Tungsten  Melts  @  3695  K) 


Figure  5.  Wire  Temperature  vs.  Positron  Beam  Current. 

One  interesting  aspect  of  the  above  result  is  that  the  wire 
temperature  is  independent  of  the  wire  gauge,  depending  only  on 
the  ratio  Ap/A,  which,  for  a  round  wire  inclined  at  an  angle  8, 
is  just  Ap/A,  =  (sin  0)/n .  Shown  in  Figure  5  is  a  plot  of  wire 
temperature  vs.  positron  beam  current,  inclined  with  respect  to 
the  nominal  positron  orbit  midplane  at  an  angle  of  80  mrad.  In 
generating  Figure  S,  a  linear  dependence  of  the  emissivity  e  with 
temperature,  approximating  measured  values,  was  used,  result¬ 
ing  in  a  fifth-order  polynomial  for  T.  Despite  the  variation  of 
power  with  vertical  angle,  it  turns  out  that  the  peak  temperatures 
for  beam  currents  exceeding  30  mA  very  closely  follow  the 
behavior  shown  in  Figure  5  in  a  simulation  including  a  Gaussian 
distributed  power  density  and  conductive  cooling.  This  is  due  to 
the  fact  that  heat  conduction  through  the  wire  ends  has  a  relative¬ 
ly  small  effect 

IV.  TIME  RESPONSE 

In  addition  to  the  ability  to  withstand  high  photon  fluxes 
without  being  damaged,  the  wire  monitors  must  have  the  capa¬ 
bility  to  respond  very  quickly.  Although  no  components  can  be 
damaged  in  times  shorter  than  a  few  seconds,  the  potential  exists 
for  the  photon  beam  to  sweep  past  the  wire  monitors  so  quickly 
that  not  enough  energy  gets  deposited  to  produce  a  measurable 
resistance  change. 

The  worst  case  situation  occurs  when  a  global  orbit  distor¬ 
tion  moves  the  photon  beam  close  to  a  wire  and  then  a  maximum 
amplitude  local  bump  is  applied.  The  maximum  value  of  a  verti¬ 
cal  parallel  translation  bump  inside  a  dipole  magnet  is  3.6  mm, 
and  from  Figure  4  it  can  be  seen  that  the  beam  must  move  2.5  mm 


to  get  past  the  viewport,  i.e.  69%  of  a  full  strength  local  bump. 
TheL/R  time  constant  of  the  vertical  correctors  is  82  ms  to  reach 
(1-1/e)  =  63%  of  full  strength.  In  other  words,  the  wires  must 
respond  significantly  faster  than  82  ms  to  prevent  a  local  bump 
from  sweeping  the  photon  beam  past  the  wire  undetected. 

The  relation  determining  the  time  rate  of  change  of  tempera¬ 
ture  does  not  depend  on  radiative  heat  loss  at  all,  since  we  are 
most  concerned  with  the  time  period  when  the  wire  is  still  rela¬ 
tively  cool.  The  relation  is  given  by 

d  T  1  dP  4  sin  6  ^ 

dt  0  Cp  L2  dQ  nd  ’  K  ’ 

whereQ=  19.3  g /cm3  is  the  density  of  tungsten,  Cp=  0.133  J/g  / 
°K  is  the  heat  capacity,  and  d  is  the  wire  diameter,  assuming  the 
wire  is  uniformly  illuminated. 

For  a  50-micron-diameter  wire,  Eq.  (2)  yields  6500  °K  / 
sec  at  a  beam  current  of  30  m  A,  otherwise  known  as  216  °K/  sec 
/  m  A,  for  0  =  80  mrad,  L  =  5.3  meters.  A  100  °K  temperature 
rise  at  30  mA  thus  requires  a  time  period  of  15.4  milliseconds. 
Because  the  wire  is  not  uniformly  heated  along  its  entire  length, 
one  should  conservatively  use  the  total  volume  of  the  wire  rather 
than  just  the  volume  of  wire  being  hit  by  radiation,  as  was  done 
in  Eq.  (2).  This  reduces  the  response  time  by  at  most  a  factor  of 
5,  i.e.  a  100  °K  temperature  rise  in  72  milliseconds.  This  is  still 
faster  than  the  L/R  time  constant  of  the  magnets. 

Fch-  the  resistance  measurement,  care  must  be  taken  to  limit 
ohmic  heating.  For  a  35-mm-long,  ,002”-diameter  tung¬ 
sten-3  %  rhenium  alloy  wire,  the  room  temperature  resistance  is 
1 .7  ohms,  but  rises  rapidly  if  ohmic  heating  exceeds  a  few  milli¬ 
watts.  This  limits  the  applied  current  to  between  20  and  30  m  A, 
producing  50  to  100  millivolts  of  signal,  which  should  be  easily 
detected. 

V.  CONCLUSIONS 

A  simple  method  for  the  detection  of  vertical  missteering  of 
dipole  magnet  radiation  in  the  APS  storage  ring  for  use  in  a  beam 
abort  interlock  has  been  developed.  The  method  uses  50- 
micron-diameter  tungsten  alloy  wires  as  resistive  temperature 
sensing  devices  to  directly  detect  the  presence  of  photon  beams 
off  axis.  These  wires  can  withstand  direct  irradiation  from  bend¬ 
ing  magnet  radiation  conservatively  at  beam  currents  up  to  100 
mA,  and  are  significantly  below  their  melting  temperature  even 
at  300  mA.  Their  response  time  is  faster  than  72  milliseconds  at 
30  mA  of  beam  current,  the  lowest  current  at  which  the  interlock 
will  be  activated.  By  integrating  the  wires  into  the  design  of 
water-cooled  radiation  absorbers,  their  alignment  with  respect 
to  the  beam  is  simplified.  The  wire  resistance  is  in  the  range  of 
1  to  2  ohms  and  can  be  measured  with  an  applied  current  between 
20  and  30  mA  without  causing  an  unacceptable  temperature  rise 
from  ohmic  heating. 
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A  bstmet 

The  Collider  Detector  at  Fermilab  (CDF)  incor¬ 
porates  a  Silicon  Vertex  Detector  (SVX)  in  the 
study  of  proton  antiproton  collisions  at  the  Fermi¬ 
lab  Tevatron  Collider.  We  describe  here  our  expe¬ 
rience  with  SVX  radiation  protection  issues  during 
the  commissioning  and  subsequent  operation  of  the 
Collider.  We  outline  the  catalog  of  typical  acceler¬ 
ator  loss  mechanisms,  the  radiation  dose  associated 
with  each,  and  our  eventual  protection  strategy  in 
each  case.  We  map  the  total  radiation  dose  received 
by  the  SVX  in  space  as  well  as  in  time.  We  also  dis¬ 
cuss  measured  radiation  damage  to  the  SVX,  and 
its  correlation  with  the  independently  measured  ra¬ 
diation  dose. 

1  Introduction 

The  CDF  SVX  is  a  high  precision  Silicon  Mi¬ 
crovertex  tracking  detector  [1]  installed  as  part  of 
the  CDF  experiment  at  the  Fermilab  Tevatron  Col¬ 
lider.  It  is  the  first  Silicon  Microvertex  detector  in¬ 
stalled  at  a  hadron  collider.  It  is  used  for  the  study 
of  short  lived  particles  produced  in  the  proton  an- 
tiproton  collisions  at  the  Tevatron  [2]. 

The  SVX  detector  is  built  of  high  quality  single 
sided  DC  coupled  silicon  detectors  in  a  four  inch 
technology,  connected  to  a  custom  VLSI  chip  de¬ 
veloped  at  Lawrence  Berkeley  Laboratory  [3].  The 
SVX  chip  contains  128  channels  of  low  noise  charge 
amplification,  sample  and  hold,  and  comparator 
latch  circuitry  followed  by  a  digital  section  which 
allows  readout  of  only  those  channels  in  which  the 
integrated  charge  exceeds  an  injected  analog  thresh¬ 
old  level.  The  chip  was  fabricated  using  a  3  micron 
CMOS  technology,  a  radiation  ’’soft”  technology. 
The  high  cross  section  at  a  hadron  collider  means 
that  this  device  will  be  exposed  to  a  large  radiation 
dose  coming  from  the  physics  processes. 

The  inner  most  layer  of  the  SVX  detector  is  lo¬ 
cated  3  cm  from  the  beam  axis.  The  high  loss  con¬ 
ditions  of  a  hadron  collider,  in  conjunction  with  the 
radiation  softness  of  the  SVX  detector,  led  to  the 
design  and  implementation  of  a  dedicated  loss  mon¬ 


itor  system  to  protect  the  SVX  against  accidental 
radiation  dose.  This  system  was  designed  to  be  part 
of  the  general  Tevatron  control  system,  including 
inputs  to  the  abort  network  [4]. 

2  Expected  Radiation  Damage 

During  the  1988-89  Tevatron  collider  run,  mea¬ 
surements  of  the  radiation  were  made  in  the  CDF 
collision  hall.  These  records  showed  a  rate  of  ap¬ 
proximately  900  rads/p6-1  during  the  early  stages, 
which  declined  to  the  level  of  300  rads/ph-1  as  the 
run  continued.  At  the  start  of  the  1992-93  Tevatron 
Collider  run,  the  expected  25  p6_1  of  delivered  lu¬ 
minosity  would  lead  to  an  integral  dose  of  12  krads, 
which  is  enough  to  have  an  impact  on  the  device 
performance.  Based  on  these  numbers,  we  adopted 
an  upper  limit  of  15  krad  as  a  goal  for  the  1992-3 
Tevatron  Collider  run. 

In  addition,  various  accelerator  ’’accidents”  can 
deposit  large  radiation  doses  in  the  SVX.  These  ac¬ 
cidents  range  from  abort  kicker  prefires  (5  //sec  time 
scale)  to  sparks  in  electrostatic  separators  (1  msec 
time  scale,  or  50  turns)  to  trips  of  correction  ele¬ 
ments  (100  msec  time  scale).  The  Tevatron  lattice 
contains  two  low-/}  insertions,  at  DO  and  CDF.  In 
the  injection  lattice,  fi*= 1.7  ill.,  and  /}mar=100  m., 
and  in  the  low-/}  lattice,  0.5  m.  and  1200  m.  Thus, 
oscillations  induced  anywhere  in  the  ring  can  lead 
to  losses  at  the  low-/l  insertions,  and  the  SVX  in 
particular. 

3  Protection  System 

Radiation  backgrounds  are  monitored  with  two 
systems,  located  approximately  2.8  in  from  the  in¬ 
teraction  region  in  both  the  proton  and  antiproton 
directions,  at  a  distance  of  5  cm  from  the  beam 
axis.  Silicon  diodes  are  used  to  measure  the  mini¬ 
mum  ionizing  particle  rates  and  ionizing  dose  levels 
are  measured  with  Tevatron  Beam  Loss  Monitors 
(BLMs)  [5].  Rate  information  is  processed  via  3 
digital  ratemeters  with  integration  on  10  turn  (5 
kHz),  100  turn  (500  Hz),  and  10,000  turn  (5  Hz) 
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Figure  1:  Integrated  radiation  (0),  instantaneous 
luminosity  (X),  and  low-/i  quad  current  (I)  for  time 
covering  injection,  ramp,  squeeze,  scrape,  and  sta¬ 
ble  colliding  beam  for  a  typical  Tevatron  store. 

time  scales,  synchronous  with  the  Tevatron  beam 
clock  [6].  Ionizing  dose  information  is  sampled  every 
10  turns  (5  kHz)  and  compared  to  programmable 
alarm  and  abort  thresholds.  Abort  thresholds  are 
set  at  a  dose  rate  of  greater  than  10  rads/sec  dur¬ 
ing  shot  setup  or  2  rads/sec  during  stable  beam. 
The  rate  and  dose  information  is  loaded  into  circu¬ 
lar  buffers  of  2048  samples  which  function  as  high 
resolution  snapshots  of  loss  patterns.  In  addition, 
the  dose  buffer  is  read  into  a  companion  processor 
which  integrates  the  total  exposure. 

In  addition  to  the  rate  and  dose  information 
which  is  available  on  a  real-time  basis,  we  also  have 
an  array  of  thermo-luminescent  dosimeters  (TLDs) 
installed  at  the  same  location  as  the  diodes  and 
BLMs.  The  TLDs  are  extracted  at  approximately 
monthly  intervals  and  compared  to  the  integral 
BLM  record.  We  make  use  of  the  TLDs  to  give  us 
the  radial  dependence  of  the  radiation  dose,  since 
the  innermost  layer  of  the  SVX  detector  is  closer  to 
the  beam  axis  than  the  loss  monitor  systems. 

4  Operational  Experience 

We  work  in  units  where  the  measured  radial  de¬ 
pendence  has  been  used  to  extrapolate  to  the  radius 
of  the  innermost  SVX  layer  (3  cm),  but  we  empha¬ 
size  that  this  quoted  exposure  is  at  the  monitor  sta¬ 
tions,  2.8  m  upstream  and  downstream  of  the  SVX. 
From  the  TLD  measurements,  we  see  that  the  ra¬ 
diation  dose  drops  off  with  a  radial  dependence  of 
r-1-75. 

Figure  1  shows  the  integrated  radiation,  instanta¬ 
neous  luminosity,  and  low-/3  quad  current  for  a  typ¬ 
ical  Tevatron  store.  During  the  beam  injection  and 
ramp  from  the  injection  energy  of  150  GeV  to  900 


GeV,  there  is  very  little  radiation  integrated.  The 
transition  from  the  injection  lattice  to  the  low-rf 
lattice  is  when  the  dose  rate  is  the  highest,  aver¬ 
aging  an  integrated  total  of  4.5-7  rads  during  the 
transition  (the  store  in  question  integrated  a  total 
of  6  rads).  Following  the  transition,  the  beams  are 
scraped  to  reduce  beam  halo,  again  giving  a  signifi¬ 
cant  dose  (in  this  case,  approximately  3  rads).  The 
last  two  thirds  of  the  figure  show  the  integration  of 
radiation  from  the  colliding  beams. 

The  worst  case  situations  seen  thus  far  have  been 
higher  than  the  standard  numbers  above  by  an  or¬ 
der  of  magnitude  (50  rads  during  the  low-/i  transi¬ 
tion  and  30  rads  during  scraping).  Stores  which  fall 
into  this  category  have  been  infrequent  (on  order  of 
1  every  3  months). 

The  time  history,  in  Figure  2,  shows  some  steep 
ascents  during  the  initial  stages  of  Tevatron  com¬ 
missioning,  and  then  a  steady  climb  related  to  the 
reliable  delivery  of  luminosity.  We  can  see  that 
more  than  one  third  of  the  total  dose  to  the  SVX 
occurred  in  the  first  tenth  of  the  integrated  lumi¬ 
nosity,  followed  by  a  break  to  a  linear  regime  where 
the  dose  of  approximately  300  rads/p6_1  is  in  re¬ 
markable  agreement  with  measurements  from  the 
1988-89  Collider  run. 

In  terms  of  specific  loss  situations,  we  have  found 
that  most  of  the  losses  have  occurred  during  situ¬ 
ations  where  the  Tevatron  operating  point  was  not 
well  established  (during  the  ramp  from  the  injec¬ 
tion  energy  of  150  GeV  to  900  GeV,  during  the 
transition  to  low  (3 ).  The  most  significant  situa¬ 
tion,  which  took  place  in  a  studies  period  before  the 
installation  of  the  SVX,  delivered  approximately  8 
krads  during  an  8  hour  time  period.  This  situation 
was  caused  by  the  low-/j  system  being  at  half  field 
strength  and  shows  the  sensitivity  of  the  Tevatron 
to  perturbed  lattices.  Other  significant  loss  situa¬ 
tions  also  occurred  when  the  Tevatron  lattice  was 
perturbed  from  the  injection  lattice. 

The  BLM  system  was  a  frequent  cause  of  aborts 
during  the  early  Tevatron  commissioning.  However, 
we  discovered  that  almost  all  aborts  from  this  sys¬ 
tem  could  be  traced  to  situations  where  there  were 
component  failures  in  the  Tevatron.  In  addition, 
other  monitoring  systems  in  the  Tevatron  showed 
the  same  losses,  though  perhaps  not  at  the  abort 
level.  This  system  was  a  frequent  cause  of  aborts 
because  it  was  designed  as  the  most  sensitive  mea¬ 
sure  of  the  losses  in  the  Tevatron. 

The  operational  experience  here  is  that  the  accel¬ 
erator  startup  was  plagued  by  high  losses  and  BLM 
aborts  until  the  Tevatron  operations  crew  learned 
to  evade  the  abort  system  (and  hence  major  losses 
into  the  SVX).  The  BLM  system  became  a  "limit¬ 
ing  aperture”  in  the  Tevatron  lattice  which  needed 
to  be  understood  and  corrected. 
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Figure  2:  Extrapolated  inner  layer  radiation  dose 
as  a  function  of  delivered  luminosity. 

5  Total  Damage  Estimates 

As  displayed  in  Figure  2,  the  BLM  and  TLD  data 
imply  a  total  of  approximately  12  krad  delivered  to 
the  SVX  inner  layer  with  18  p6-1  of  delivered  lu¬ 
minosity.  In  Figure  3,  we  show  the  average  change 
in  gain  for  the  4  layers  of  the  SVX.  The  changes  in 
gain  show  a  similar  radial  dependence  to  what  has 
been  measured  with  the  TLDs,  though  the  overall 
change  in  gain  is  inconsistent  at  the  factor  of  two 
level  with  the  other  measures.  The  total  change  in 
noise  at  the  inner  layer  predicts  a  radiation  dose 
of  13  krad  at  this  point  in  time.  Both  the  gain  and 
noise  have  changed  linearly  with  the  delivered  lumi¬ 
nosity  (except  for  the  early  commissioning  period), 
which  is  indicative  of  damage  caused  by  the  flux  of 
particles  coming  from  the  beam  collisions  and  not 
from  accidents. 

6  Conclusions 

We  have  designed  and  built  a  system  to  monitor 
the  Tevatron  losses  in  the  vicinity  of  the  CDF  SVX 
and  operated  it  through  the  1992-3  Tevatron  Col¬ 
lider  run.  We  have  received  a  total  dose  consistent 
with  expectations  from  luminosity  related  causes, 
with  a  small  addition  due  to  Tevatron  accidents. 
Significant  accidents  have  only  occurred  in  situa¬ 
tions  where  the  Tevatron  lattice  was  perturbed  and 
not  at  well  understood  operating  points.  We  wish  to 
emphasize  that  the  total  dose  is  small  compared  to 
what  one  might  have  expected  at  a  hadron  collider. 
We  have  demonstrated  that  it  is  possible  to  achieve 
relatively  ’’lossless  commissioning”  and  clean  run¬ 
ning  conditions  in  the  hadron  collider  environment. 
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Abstract 

One  hundred  and  twenty  six  movable  collimator 
blocks  have  been  installed  for  the  first  phase  of  LEP.  They 
have  proved  indispensable  for  providing  good  conditions  for 
data  taking  of  the  experiments  and  gave  no  problems  for 
running  LEP.  Sixty  four  additional  movable  blocks  are 
planned  to  be  added  for  the  second  phase  of  LEP  (LEP  200 
project).  The  collimators  will  consist  of  copper  blocks  with 
tungsten  inserts  or  of  spherical  tungsten  blocks.  Their  design 
is  adapted  to  maintain  the  original  low  RF  loss  factor  of  0.06 
V/pC  at  the  nominal  aperture  with  reduced  variations  over  the 
entire  useful  stroke. 

I.  INTRODUCTION 

For  the  first  phase  of  LEP,  one  hundred  and  twelve 
movable  collimator  blocks  have  been  installed  around  the  four 
even  intersection  points  housing  the  large  LEP  experimental 
detectors.  Fourteen  other  collimator  blocks  were  installed 
around  crossing  point  3  in  order  to  define  the  LEP  aperture. 
The  blocks  are  grouped  into  one,  two  or  four  jaw  collimators 
depending  on  their  function  and  space  available,  and  are 
designed  to  match  cruciform,  round  or  elliptical  neighbouring 
vacuum  chambers  for  minimum  RF  losses.  Most  of  these 
collimators  are  installed  in  long  straight  sections  where  they 
experience  only  a  small  amount  of  synchrotron  radiation  (SR) 
power  or  in  the  arcs  with  the  SR  striking  only  the  outer  wall 
of  their  vacuum  tank.  These  collimators  were  designed  so  that 
they  could  withstand  the  increased  radiation  when  doubling 
the  LEP  beam  energy  (LEP  200  project),  except  two 
horizontal  and  the  three  vertical  aperture  limiting  collimators 
which  for  economical  reasons  were  made  similar  to  the 
collimators  used  for  protecting  the  experiments.  All  these 
collimators  have  been  in  operation  since  the  1989  LEP  start¬ 
up.  They  have  been  very  effective  for  providing  good  data 
taking  conditions  for  the  experiments,  have  given  no  problem 
to  operate  LEP  and  have  proven  very  reliable. 

Eight  more  collimators  were  quickly  designed, 
manufactured  and  three  installed  in  1992  to  protect  a 
horizontal  separator  used  in  the  pretzel  scheme  when  SR 
originating  in  the  arc  dipoles  was  thought  to  be  a  major 
problem  for  the  scheme.  They  have  been  used  since  then  to 
make  long  term  studies  for  preparing  the  operational  use  of 
the  scheme.  It  was  finally  found  that  it  was  not  necessary  to 
install  the  five  other  collimators  of  this  type  at  the  present 
beam  energy.  The  exercise  proved  very  valuable  as  prototype 
work  for  the  next  generation  of  collimators. 

The  additional  requests  for  the  LEP  200  project  are 
the  following:  sixteen  two-jaw  horizontal  collimators  for  a 
small  circular  vacuum  chamber  (100  mm)  to  protect  the  super 
conducting  cavities  and  the  horizontal  separators  from  the  arc 


synchrotron  radiation,  sixteen  one-jaw  horizontal  collimators 
for  an  elliptical  chamber  (131  mm  x  70  mm)  to  protect  the 
machine  luminosity  detectors  from  off-momentum  particles, 
and  the  replacement  of  three  vertical  and  two  horizontal  two- 
jaw  collimators  for  an  elliptical  chamber  for  defining  the  LEP 
aperture.  These  collimators  will  be  submitted  to  the  full  power 
of  the  SR  generated  in  the  arcs,  i.e.  900W  per  meter  of 
trajectory.  There  is  a  pending  request  for  another  eight 
horizontal  two-jaw  collimators  with  a  large  circular  aperture 
(180  mm)  to  provide  additional  protection  for  the 
experiments. 

II.  DESIGN  CONSTRAINTS  FOR  LOW  RF  LOSSES  AND 
HIGH  SYNCHROTRON  RADIATION  POWER 
DEPOSITION 

As  for  the  first  generation  of  collimators  [1],  great 
care  has  been  taken  to  minimise  the  RF  losses  in  the 
collimators  and  to  limit  their  variation  over  the  useful  stroke 
of  the  blocks.  This  is  achieved  by  minimising  the  changes  in 
the  vacuum  enclosure  seen  by  the  beam  when  entering  and 
leaving  the  collimator.  The  most  economical  means  to 
achieve  this  for  the  large  number  of  items  considered  is  to 
provide  a  rectangular  shaped  vacuum  tank  in  which  the 
blocks  are  moving  with  a  maximum  gap  of  1  mm  between 
tank  walls  and  block  and  to  have  a  tapered  transition  between 
the  connecting  vacuum  chamber  and  the  limited  aperture 
defined  by  the  blocks.  As  the  blocks  are  movable,  this  taper  is 
defined  so  as  to  minimise  the  disturbance  over  the  full  useful 
stroke.  Calculations  have  been  made  with  the  method 
described  in  [1],  the  results  of  which  were  confirmed  by 
bench  measurements.  The  loss  factor  for  the  100  mm  circular 
aperture  horizontal  two  jaw  collimator  is  given  in  Figure  1. 
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Fig.  1:  Loss  factor  for  a  circular  aperture  two-jaw  collimator, 
with  (BRCH)  and  without  (90°)  RF  tapers 

The  second  and  new  constraint  for  these  collimators  was  the 
possibility  to  be  submitted  to  an  intense  SR  power  deposition. 
The  vacuum  constraint  imposes  a  maximum  temperature  in 
operation  well  below  the  bake-out  temperature  of  150°C.  For 
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the  vertical  and  inner  one-jaw  horizontal  collimators  it 
imposes  a  copper  SR  absorber  inside  the  stainless  steel  tank  to 
absorb  the  900  W/m  SR  generated  by  a  6  mA  beam  at  100 
GeV.  For  the  horizontal  collimators,  the  situation  is  more 
critical  as  the  outer  block  intercepts  the  SR  coming  from  a 
long  length  of  beam  trajectory.  With  the  previous  beam 
parameters,  the  power  intercepted  by  the  outer  block  can  be  as 
high  as  10  kW  at  a  half  aperture  of  IS  mm  for  an  elliptical 
vacuum  chamber  at  the  exit  of  the  main  dipoles.  In  order  to 
keep  a  low  loss  factor  and  to  distribute  the  SR  power 
deposition  over  the  largest  surface,  blocks  with  a  double  taper 
have  been  designed  (type  BRCH,  see  Fig.  1  and  5).  The  power 
deposition  coming  from  the  RF  losses  is  negligible  compared 
to  that  from  the  SR.  Nevertheless  all  surfaces  exposed  to  the 
beam  are  cooled.  Finally  the  collimators  have  to  be  submitted 
to  a  bake-out  at  150°C  and  have  to  use  stainless  steel  for  all 
parts  in  contact  with  the  LEP  demineralized  cooling  water  to 
avoid  corrosion  effects. 


III.  THERMAL  AND  MECHANICAL  STRESS 
CALCULATION  RESULTS 
An  intensive  use  of  Finite  Element  Modclization 
(FEM)  programs  has  been  made  in  order  to  evaluate  the 
steady  temperature  field  in  the  collimator  blocks  when  heated 
by  SR.  The  amount  of  energy  deposition  depends  on  the 
position  of  the  horizontal  outer  block  w.r.t.  the  beam  orbit 
and  of  the  material  traversed,  i.e.  copper  and  tungsten.  The 
calculations  were  made  for  the  separator  and  superconducting 
cavity  protection  collimators  BRCH  which  are  the  most 
critical  case. 


Fig.  2:  FEM  modclization  of  half  of  a  collimator  jaw  of  type 
BRCH 

Only  one  half  of  the  jaw  was  considered  for  the  FEM  because 
of  the  symmetry  plane  on  which  appropriate  boundary 
conditions  of  zero  flux  were  applied.  In  order  to  simulate  as 
accurately  as  possible  the  non-uniformity  of  the  power 
deposition,  a  mesh  of  seven  thousand  8-nodc  cubes  or  6-nodc 
prisms  was  generated:  Fig.  2. 

The  heat  source  was  defined  for  each  volume  by 
taking  into  account  the  SR  deposition  calculated  from  the 
convolution  of  the  energy  deposition  as  a  function  of  depth 
and  material  with  the  beam  size.  The  total  power  deposited  in 
the  jaw  is  equal  to  5  kW.  This  heat  has  to  be  removed  by 
water  cooling  for  which  only  the  rear  surface  of  the  block  is 
available.  As  the  surfaces  in  contact  with  the  cooling  water 
have  to  be  made  of  stainless  steel,  the  whole  rear  surface  had 
to  be  taken  as  exchange  surface,  so  as  to  compensate  for  the 
bad  heat  conduction  properties  of  the  stainless  steel.  The 
cooling  circuit  is  machined  into  two  stainless  steel  plates 


brazed  onto  the  copper  block.  As  the  available  water  pressure 
drop  is  of  six  bars,  and  taking  into  account  the  cooling  duct 
shape,  the  average  water  cooling  flow  was  predicted  to  be 
equal  to  20  1/min  in  each  circuit.  The  convective  heat  transfer 
coefficient  can  be  computed  using  the  Colburn  formula  and  is 
found  to  be  equal  to  L=0.02  W  x  mm'2  x  “C1.  The  calculated 
isothermal  lines  are  presented  in  Fig.  3.  The  highest 
temperature  is  found  in  the  median  plane  of  the  block  with  a 
maximum  temperature  of  108°C.  There  is  also  a  hot  spot  of 
95°C  in  the  tungsten  block.  The  copper  part  had  to  be 
extended  before  the  tungsten  in  order  to  decrease  this 
temperature.  The  average  block  temperature  is  equal  to  70°  C. 


It  is  well  Known  that  parallelepipedic  tanks  are  not 
adapted  to  vacuum  vessel  design.  It  was  necessary  to  check 
that  the  wall  deformations  under  vacuum  will  remain  within 
acceptable  limits.  The  FEM  structure  analysis  code  CASTEM 
was  used  to  compute  the  tank  stresses  and  deformations. 
Because  of  the  three  symmetry  planes  of  the  tank,  only  one 
eighth  of  the  tank  was  modelled.  The  mesh  was  made  of  one 
thousand  20-node  cubic  elements. 


The  result  of  the  deformation  calculation  is  presented  in  Fig. 
4,  where  the  deformations  are  magnified  a  thousand  times. 
The  maximum  deformation  of  70  (im  occurs  as  expected  at 
the  centre  of  the  largest  face  of  the  tank.  The  maximum 
equivalent  von  Mises  stress  is  equal  to  18  N/mm2,  which  is 
acceptable. 


IV.  MECHANICAL  DESIGN  AND  PROJECT  STATUS 
There  are  three  main  subassemblies  in  a  collimator: 


Fig.  3:  Isothermal  lines  of  the  BRCH  block 


Fig.  4:  Tank  deformation  (xIOOO)  and  isostress  lines 
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-the  mobile  blocks  for  defining  the  aperture 
-the  vacuum  vessel 

-the  auxiliary  elements,  e.g.,  the  block  guiding  system,  the 
water  cooling  circuits,  the  support. 

The  collimator  blocks  are  of  three  types:  tungsten  blocks  with 
a  spherical  surface  polished  to  optical  quality,  copper  blocks 
with  tungsten  inserts,  cither  Hat  or  spherical,  and  copper 
blocks  only  when  the  SR  power  deposition  is  too  high  and 
when  copper  alone  is  acceptable  as  an  absorber.  Tungsten 
lengths  of  100  and  175  mm  arc  used  for  best  photon  and 
electron  absorption,  and  spherical  surfaces  have  been  asked 
for  on  some  collimators  in  order  to  have  always  the  block 
surface  tangent  to  the  particle  trajectory  whatever  errors  occur 
in  beam  orbit  and  collimator  alignment.  Copper  blocks  are 
used  in  the  horizontal  aperture  limiting  secondary  collimators 
which  are  submitted  to  the  full  SR  power  of  the  arcs  and 
where  the  particle  absorption  is  less  critical.  The  tungsten 
used  is  a  sintered  alloy  containing  95%  of  tungsten  and  5%  of 
copper.  OFHC  copper  is  used  for  its  better  brazing  properties. 
As  mentioned  earlier,  the  constraints  on  the  BRCH  blocks 
were  the  most  stringent  ones  and  request  a  more  complex 
construction:  Fig.  5. 


Fig.  5:  BRCH  collimator  block  with  double  input  taper, 
tungsten  insert  and  at  the  rear,  the  supporting  lubes 

The  main  absorber  is  a  UK)  mm  long  tungsten  block.  This 
block  is  brazed  onto  a  13  mm  thick  OFHC  copper  plate  in 
order  to  provide  the  best  thermal  contact.  On  the  other  hand, 
there  is  a  450  mm  long  base  OFHC  copper  block  which 
provides  the  RF  matching  transitions  to  the  100  mm  diameter 
circular  vacuum  chamber,  has  a  stainless  steel  machined 
cooling  circuit  brazed  to  its  rear  surface  and  absorbs  the  less 
energetic  SR  before  the  final  absorption  in  tungsten.  The  two 
blocks  arc  joined  together  through  a  final  operation  consisting 
of  a  full  depth  electron  beam  welding  in  order  to  guarantee 
minimum  deformation  of  the  finished  block. 

The  dimensions  of  the  vacuum  vessel  depend  on  the 
surrounding  vacuum  chamber  and  on  the  block  length.  They 
do  not  exceed  460  x  300  x  120  mm3.  The  tank  is  an  e-bcam 
welded  stainless  steel  structure  made  of  6  mm  thick  plates.  It 
is  rigidified  in  order  to  minimise  the  deformations  when 


under  vacuum  by  brazing  to  the  largest  walls  a  12  mm  thick 
plate.  The  water  cooling  circuit  is  machined  in  it.  All 
stainless  steel  parts  in  contact  with  vacuum  have  been  fired 
up  to  900°C  to  remove  any  hydrogen  and  well  defined 
cleaning  procedures  have  been  used  before  final  assembly  to 
reach  the  operating  pressure  of  10‘8  Pa. 

The  blocks  are  connected  to  the  tank  with  welded 
disk  bellows  and  fixed  to  a  support  fitted  with  precision 
bearings  sliding  on  circular  shafts  for  best  precision.  Each 
block  is  driven  by  a  stepping  motor  with  a  2.5  pm  resolution 
and  its  position  is  checked  independently  with  a  resolver 
geared  to  the  motor.  The  main  support  is  made  of  aluminium 
and  includes  on  its  upper  part  alignment  references  for 
precise  positioning  in  the  tunnel.  Spring  compensators  are 
filled  to  most  of  the  blocks  to  compensate  the  weight  and  the 
atmospheric  pressure  due  to  the  bellows  in  order  to  reduce  the 
load  of  the  stepping  motors. 


Fig.  6:  Horizontal  two-jaw  collimator  ready  for  installation 


A  scries  of  seventeen  one-jaw  spherical  tungsten 
collimators  have  been  built  in  industry,  and  five  vertical  and 
three  horizontal  two-jaw  collimators  for  aperture  limitation 
have  been  built  at  CERN.  Nine  of  these  collimators  have  been 
installed  during  the  1992/93  winter  stop.  The  order  for  the 
complex  seventeen  separator  protection  collimators  BRCH 
has  been  placed  with  industry  and  the  preseries  collimator  is 
expected  for  May  1993.  The  design  for  the  additional 
horizontal  experiments  protection  collimators  is  finished  and 
ready  to  go  out  for  production,  depending  on  the  final  go- 
ahead. 
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Abstract 

Irradiation  test  of  typical  insulating  materials  for  an 
accelerator  magnet  was  carried  out,  using  actual  radiation  in 
the  TRISTAN  MR  (main  ring)  which  was  operated  at  the 
highest  radiation  level  in  the  accelerator  society.  Physical  and 
chemical  degradations  of  the  insulating  materials  due  to 
irradiation  are  quantitatively  reported  in  this  paper.  Some 
suggestions  on  future  insulating  material  and  its  manufacturing 
method  are  given. 

I.  INTRODUCTION 

TRISTAN  is  an  e+e'colliding  beam  accelerator  with  the 

collision  energy  in  a  range  of  \fs~6  0  GeV.  The  MR  was 
first  operated  in  October  1986  at  the  beam  energy  of  25  GeV. 
Since  then  the  beam  energy  has  been  increased  step  by  step 
from  25  GeV  to  30  GeV  by  employing  RF  accelerating  cavities 
[1].  Thereafter  the  radiation  damage  on  accelerator 
components,  such  as  signal  cable  for  beam  monitors,  power 
cable  for  vacuum  pumps,  various  electric  circuit  components, 
and  exciting  coil  of  magnets,  has  become  increasingly  serious 
12]. 

Systematic  studies  of  the  radiation  damage  on  electrically 
insulating  materials  used  for  particle  accelerators  are  found  in 
the  literature  [3];  meanwhile,  same  kind  of  tests  were  carried 
out  in  the  TRISTAN  MR  [4]  several  years  ago.  However,  the 
irradiation  dose  was  limited  below  100  MGy  for  both  cases. 
Radiation  damage  beyond  this  level  is  currently  of  big  concern 
in  the  accelerator  society  because  irradiation  beyond  100  MGy 
is  likely  to  occur  in  localized  regions  of  the  existing  machines. 
Under  such  a  situation,  results  of  the  first  systematic  studies 
performed  in  this  dose  level  are  released. 

II.  SPECIMENS 

Three  types  of  insulating  materials  for  an  exciting  coil  as 
shown  in  Table  1  were  chosen  for  the  current  study.  Type  A 
is  the  so-called  VPI  (vacuum-pressure-impregnation) 
insulation  system  which  consists  of  glass-cloth  reinforced 
mica-paper  tape  impregnated  with  epoxy  resin.  Type  B  is  a 
resin-rich  insulation  system  which  is  manufactured  in  the 
atmosphere,  by  molding  BT  (bismaleimide  triazine)  resin 
preimpregnated  glass-cloth,  by  means  of  heat  shrinkable  tape. 
Type  C  is  another  resin-rich  insulation  system  which  is 
manufactured  under  vacuum,  by  molding  polyimide 
preimpregnated  glass-cloth,  with  an  asphalt  compound. 

For  the  purpose  of  knowing  a  change  in  their  electrical 


properties  such  as  tan  6,  an  aluminum  bar  with  cross-section 
of  6(mm)  x  25(mm)  and  total  length  of  160(mm)  was  covered 
with  each  of  these  materials  in  the  same  manner  as  actual 
coils.  To  measure  a  change  in  their  mechanical  properties,  on 
the  other  hand,  samples  were  formed  in  a  laminate  by  molding 
the  tapes  in  the  same  manufacturing  process  as  that  of  the  bar 
coils.  The  plate  sizes  were  2  mm  in  thickness,  25  nun  in 
width  and  100  mm  in  length. 


Table  1  Insulation  constitution  of  test  specimens. 


Type 

Material 

Manufacturing 

process 

Applied 

machine 

A 

Epoxy/mica/ 

E  glass 

VPI 

TRISTAN 
main  ring 

B 

BT  resin/S 
glass 

Heat  shrinkable 
tape~molding 

PS  ring 

C 

Polyimide/T 

glass 

Vacuum -asphal t 

pressure- 

molding 

None 

E  glass  :  Electric  grade  glass 
S.T  glass:  Boron-free  glass 


III.  TEST  BENCH 

All  of  test  specimens  were  put  in  a  radiation  box  located 
in  the  steering  magnet  of  the  normal  section  where  the  dose  of 
3.7-6.5  x  10*  Gy/h,  consisting  of  direct  synchrotron  radiation 
and  its  secondary,  was  seriously  high  in  the  MR.  The  dose  has 
been  calibrated  with  the  thermo-luminescence  dosimeter 
method  [2]  by  employing  a  test  beam  with  well  monitored 
energy  and  current. 

The  samples  taken  out  of  the  irradiation  box  at  some 
fixed  time  period  were  subjected  to  the  tests  explained  in  the 
following  section. 

IV.  TEST  RESULTS  AND  DISCUSSIONS 

In  Fig.  1,  the  magnitude  of  BDV  (breakdown  voltage)  of 
the  bar  coils  are  shown  as  functions  of  dose.  Fig.  2  shows  the 
relationship  between  flexural  strength  of  the  laminate  and  dose. 
Fig.  3  is  the  relative  dose  dependence  of  residual  BDV  and 
flexmal  strength.  The  dose  for  halving  BDV  and  flexural 
strength,  which  is  usually  used  as  criteria  for  insulation  design, 
is  listed  in  Table  2.  In  the  case  of  type  B,  the  degradation  of 
the  residual  BDV  appears  in  the  lower  dose  compared  to  that 
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of  the  mechanical  property;  this  is  contrary  to  the  popular 
view.  At  the  highest  irradiation  level  of  167  MGy,  type  A 
including  mica  reveals  the  highest  BDV  but  the  lowest  flexural 
strength  among  three  samples.  In  addition,  it  shows  large 
swelling;  it  is  understandable  from  speculation  that  the  epoxy 
resin  adjacently  placed  to  the  glass-cloth  is  decomposed  into 
gas  and  the  amount  of  gas  increases  with  dose. 


dose. 


Fig.  2  Relationship  between  flexural  strength  of 
laminates  and  dose. 


Table  2  Irradiation  dose  for  halving  BDV  and  flexural 
strength  obtained  from  Fig.  3. 


Type 

BDV 

Flexural  atrenqth 

A 

3.3  x  107 

1.9  x  107 

B 

4.6  x  107 

1.1  x  108 

C 

1.1  x  10® 

1.3  x  108 

Fig.  3  Dose  dependences  of  residual  BDV  and 
flexural  strength  obtained  from  the  results 
shown  in  Fig.  1  and  Fig.  2 


Let's  compare  type  B  and  type  C  which  are  the  glass- 
cloth  reinforced  resin-rich  insulations  without  mica.  Type  C 
is  apparently  superior  to  type  B  with  respect  to  the  BDV  and 
flexural  strength,  as  seen  in  Figs.  1  and  2.  This  can  be 
attributed  to  the  existence  of  voids  in  the  insulating  materials. 
The  oxidation  tends  more  to  develop  in  the  void  contained 
insulating  materials  than  in  the  void-free  one.  Type  C  is 
void-free  because  it  was  processed  in  vacuum  by  the  asphalt- 
compound  molding  technique,  type  B  was  processed  in  the 
atmosphere  by  the  heat  shrinkable  tape  molding  technique; 
therefore  it  contains  voids. 

It  should  be  pointed  out  that  in  type  B  sample  voids 
generate  more  easily  than  in  type  C  with  irradiation,  as 
discussed  below.  Fig.  4  shows  AtanS  characteristics  as  a 
function  of  dose.  Where,  AtanS  =  (tan5@3kV-tanS@0.5kV). 
The  parameter  AtanS  is  known  to  reflect  partial  discharges  in 
void.  It  is  reasonable  to  regard  AtanS  as  a  measure  of  the 
amount  of  voids.  As  seen  in  Fig.  4,  AtanS  increases  with  dose 
in  the  lower  dose  region  in  type  B  than  in  type  C.  This 
suggests  that  due  to  gas  evolution  by  decompositions  of  the 
resin  by  irradiation,  delaminations  of  the  insulating  materials 
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occurred  to  generate  voids.  The  down  in  AtanS  at  167  MGy 
for  type  B  is  supposed  that  the  puncture  of  the  insulation 
occurred  due  to  the  increase  of  pressure  in  the  closed  void,  and 
the  void  became  open  to  the  atmosphere  resulting  in  decrease 
in  volume. 


Fig.  5  shows  the  relationship  between  carbonyl 
absorbance  and  dose  for  all  samples.  Their  features,  except  for 
the  magnitude,  are  similar  to  each  other.  The  carbonyl 


Dose  (Gy) 

Fig.  5  Relationship  between  carbonyl  absorbance  and 
dose. 


absorbance  is  apparently  proportional  to  dose.  The  increase  of 
the  carbonyl  group  should  originate  from  the  oxidation 
reactions  and  scissions  of  molecules  of  resin  which  are  caused 
by  the  radiation.  As  seen  in  Figs.  4  and  5,  the  characteristics 
of  samples  for  carbonyl  absorbance  qualitatively  coincide  with 
that  for  Atan8.  Thus,  carbonyl  absorbance  can  be  regarded  as 
a  useful  index  giving  the  size  of  chemical  decomposition. 

The  authors  arrived  at  a  speculation  that  these  oxidation 
reactions  and  delaminations  degraded  insulating  materials,  and 
thus  decreased  BDV  and  flexural  strength;  the  voids  took 
essential  roles  in  the  process. 

V.  CONCLUSIONS 

From  the  irradiation  tests  of  typical  insulating  materials 
for  magnet,  using  actual  radiation  in  the  TRISTAN  MR  (up  to 
167  MGy  at  the  highest),  the  following  were  made  clear. 

(1)  Epoxy/glass-cloth/mica-tape  insulation  processed  by  the 
VPI  method  has  higher  BDV  by  the  aid  of  mica  tape; 
however  its  flexural  strength  remarkably  degrades  at  the 
higher  dose. 

(2)  The  insulation  processed  by  the  asphalt  pressure  molding 
method  under  vacuum  is  far  superior  both  in  electrical 
stability  and  mechanical  rigidity  to  the  insulation 
processed  by  the  heat-shrinkable  tape  molding  method. 

(3)  The  insulation  processed  by  the  heat-shrinkable  tape 
molding  method  shows  that  the  decrease  in  the  BDV 
appears  at  a  lower  dose  than  for  the  flexural  strength;  this 
fact  is  contrary  to  the  popular  view. 

(4)  Carbonyl  absorbance  is  a  useful  index  to  measure  the  size 
of  chemical  decomposition  caused  by  irradiation. 

As  a  concluding  remark,  studies  of  the  manufacturing 
process  as  well  as  insulating  materials  themselves  are,  indeed, 
important  in  order  to  develop  the  higher  radiation-resistant 
insulation. 
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Abstract 

The  properties  of  nitride  and  oxide  ceramic  materials, 
which  find  application  for  structural  elements  of  acceler¬ 
ating  facilities,  are  analysed.  The  construction  versions 
and  technological  aspects  for  manufacturing  of  the  mag¬ 
netic  coils  with  current-leading  buses  made  from  copper  or 
aluminum  are  considered.  The  designs  of  metaUooeramics- 
based  vacuum  ceramic  chambers,  current  leads  and  other 
elements  of  accelerating  facilities  are  presented. 

I.  CERAMIC  MATERIALS  AND 
SOLDERS 

Ceramic  facilities  are  favoured  for  application  in  accelerat¬ 
ing  facilities  because  of  their  low  susceptibility  to  ionizing 
radiation  and  an  exceptional  combination  of  mechanical, 
electro-  and  thermophyaical  properties.  The  methods  of  ce¬ 
ramic  technology  facilitate  the  manufacturing  of  products 
based  on  nonmetallic  refractory  compounds  with  a  speci¬ 
fied  phase  and  chemical  composition  and  structure,  which 
determine  the  required  properties  and  operational  charac¬ 
teristics.  Refractory  nonmetallic  silicon,  aluminium  or 


TWble  1;  Properties  of  refractory  nonmetallic  nitrides 


Parameter 

silicon 

nitride 

aluminium 

nitride 

boron 

nitride 

Bending  strength,  MPa 

600-300 

100-400 

1(0-300 

Compression  strength,  MPa 

3(00 

(00-1600 

300 

Decomposition  temperature,  K 

31T0 

3730 

3970 

Thermal  conductivity,  W/m  K 
(at  393  K) 

3(-60 

40-140 

l(-30 

Thermal  expansion ,  10 A ~ 1 

3.3 

4.0 

0.6-1. 7 

Electric  resistance,  Ohm. cm 
(at  393  )K 

1.10" 

1.10“ 

3  •  10‘* 

Electric  strength,KV/mm 

13 

(-3 

3-4 

Swelling  after  irradiation,  % 
it  ~  10**  n#/em*s) 

0.3 

— 

boron  nitrides  fall  in  a  class  of  nonpolar  dielectrics.  High 
energy  of  directed  bonds  of  atoms  in  grids  contributes 
to  stability  of  properties  of  these  materials,  rather  large 
value  of  the  forbidden  sone  width  (4.6  eV  for  boron  ni¬ 
tride;  6.2  eV  for  aluminium  nitride  and  4.1  eV  for  silicon 
nitride)  determine  a  high  value  of  electric  resistance  (up 
to  lO160Am  •  cm)  and  the  total  combination  of  the  above 
characteristics  determine  their  high  radiation  resistance. 

lb  develop  the  assembly  technology  of  coils  structural 
elements  and  to  evaluate  the  possibility  to  manufacture 


full-scale  constructions  a  series  of  experiments  on  manu¬ 
facturing  of  scale  models  have  been  undertaken.  A  perma¬ 
nent  gap  between  the  magnet  coil  turns  and  a  rigid  joint 
of  coil  turns  into  a  monoblock  unit  are  provided  by  struc¬ 
tural  spacers  from  ceramics  on  the  basis  of  silicon  nitrides 
and  aluminium  oxide.  During  coils  assembly  two  variants 
if  joining  the  ceramic  spacers  with  capper  conductors  have 
been  tested:  soldering  by  metallic  solders  and  glueing  by 
an  epoxy  compound  with  a  filler.  The  main  problem  to  be 
solved  in  soldering  was  a  considerable  difference  in  ther¬ 
mal  expansion  coefficients  of  soldered  materials  (thermal 
expansion  coefficient  of  copper  is  19.3- 10 silicon 
nitride  —  2.2- 10“6JFf~1;  aluminium  oxide  —  4-10-6/f“1;). 
The  investigations  were  performed  in  two  directions:  met¬ 
allization  of  ceramics  based  on  plastic  materials  and  sub¬ 
sequent  soldering  by  low-temperature  solders,  as  well  as 
high-temperature  soldering  by  active  solders. 

High-temperature  soldering  without  pre-metallization 
by  active  solders  with  a  compensator  from  plastic  mate¬ 
rials  showed  promise  in  developing  the  soldering  technol¬ 
ogy.  A  solder  based  on  titanium  and  niobium  with  a  silver 
additive  and  a  fluoroplastic  interlayer  has  been  tested.  Sol¬ 
dering  of  copper  buses  with  plates  from,  silicon  nitride  and 
aluminium  oxide  has  been  performed.  Solder  is  strong, 
weld  is  plastic  spread  of  the  solder  is  good.  This  method 
of  joining  provides  the  required  ruggednes  of  the  construc¬ 
tion,  but  the  control  over  electrical  insulation  between  the 
turns  is  required,  as  the  solder  may  spread  over  ceramics. 
It  is  necessary  to  weigh  out  the  amount  of  the  solder  and 
to  grind  solder  traces  on  the  ceramics  ends  after  soldering. 
The  method  of  joining  the  copper  buses  with  ceramics  by 
an  epoxy  compound  with  a  boron-nitride  filler  is  free  from 
the  above  disadvantage.  Vacant  gaps  were  filled  with  a 
lute  from  modified  liquid  glass  or  an  epoxy  compound  with 
fillers  from  boron  nitride  or  silicon  nitride  powders.  Then 
the  coils  were  wrapped  with  glass  doth  and  impregnated 
with  a  decorative  protection  layer. 

II.  DIELECTRIC  COVER  OF 
ALUMINIUM  CONDUCTORS 

Among  the  adaptable  to  streamlined  production  methods 
is  the  method  of  aluminium  anode  oxidation  in  chemically 
moderate-active  electrolytes.  The  fact,  the  coating  and 
substrate  are  chemically  similar,  results  in  formation  of  a 
low-stressed  system  resistant  to  mechanical  and  thermal 
conductivity  of  up  to  30  W/m  K.  The  growth  of  oxide 
films  results  from  inner  oxidation  processes  practically  not 
changing  the  product  geometry.  Oxide  films  with  100  pm 
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endure  without  damages  thermal  loads  of  up  to  600  K. 

Anodizing  of  aluminium  buses  in  the  oxalic  acid  solu¬ 
tion  allowed  oxide  films  with  a  thickness  of  up  to  100 
pm  to  be  obtained.  Electrical  strength  of  the  coating 
amounted  to  3  kV.  Electroinsuluting  varnishes  and  siloxane 
sealing  compounds  were  used  as  an  additional  electric  in¬ 
sulation  monolithic  seal  and  moisture-protection  coatings. 
Glyptal  epoxy  and  organosilicon  varnishes  were  chosen  for 
testing.  The  beat  results  were  obtained  with  glyptal  var¬ 
nishes,  thin  films  of  which  (80-100  pm)  were  applied  to 
the  aluminium  buses  with  an  oxide  coating.  Adhesion  of 
films  to  the  substrate  is  satisfactory.  Electrical  strength 
amounted  to  35  kV/nu  Fbr  sealing  compounds  used  to 
impregnate  the  constructions  with  narrow  deep  gaps  (of 
accelerator  coils  type)  critical  is  toughness  determining  the 
impregnability  of  a  material.  Sealing  compounds  based  on 
liquid  low-molecular  siloxane  rubber  possess  stable  easy* 
to- manufacture  properties  with  long-duration  operation  in 
a  wide  temperature  range,  preserve  elastic  properties  for 
2500  hours  at  500  K,  they  are  water-repellant,  wet  alu¬ 
minium  and  its  alloys  well,  have  an  electric  strength  of  6 
kV/mm. 

Model  units  compressing  9  and  18  alluminium  buses  were 
manufactured.  Before  being  assembled  the  buses  were  an¬ 
odized  to  obtain  an  oxide  film  100  pm  thick  and  impreg¬ 
nated  by  glyptal  varnish.  Then  the  buses  with  an  assured 
gap  (1  mm)  were  placed  in  a  casing  or  fixed  between  each 
other  by  ceramic  spacers  1  mm  thick  and  the  assembly 
was  potted  with  a  sealing  compound.  Tfeata  for  electric 
strength  of  the  coils  scale  model  showed  the  turn-to- ground 
and  turn- to- turn  insulation  to  withstand  voltages  of  more 
than  6  kV. 

In  the  technology  of  building  up  the  protection  coat¬ 
ings  on  aluminium  and  its  alloys  tested  was  the  enam¬ 
elling  method  based  on  a  partial  melting  of  glass  pow¬ 
der  uniformly  distributed  over  the  product  surface,  lb 
apply  dielectric  coating  to  aluminium  buses  a  low-fusible 
lead-borate  glass  ((Tme/«  ~  720 K)  with  a  thermal  expan¬ 
sion  coefficient  of  ~  130 10~ rK~l  was  chosen.  The  coating 
width  amounted  to  0.5-0.6  mm.  The  testa  revealed,  that 
the  enamel  coating  had  an  electric  strength  of  8-10  kV  per 
coating  width. 

III.  METALLOCERAMIC 
COMPONENTS  OP 
ACCELERATING  FACILITIES 

A  number  of  metalloceramic  units  and  components,  such 
as  vacuum  ceramic  chambers,  electric  decouplings,  current 
leads  etc,  is  used  in  accelerating  facilities.  To  manufacture 
these  components  a  superhigh-pure  nonmagnetic  vacuum- 
tight  aluminium  is  used. 

Vacuum  ceramic  chambers  were  assembled  from  seg¬ 
ments  up  to  1000  mm  long.  The  ceramic  segments  were 
soldered  by  fine-dispersed  glass-ceramic  solders,  which  pro¬ 
vided  vacuum  tightness  and  required  strength  characteris¬ 
tics  of  the  joint.  The  inner  surface  of  the  chamber  eras 


metallized  by  molybdenum-content  pastes  with  the  follow¬ 
ing  firing-on,  as  well  as  by  using  the  method  of  vacuum  or 
plasma  spraying  of  metallic  fi'ms  from  titanium,  copper, 
niobium  and  other  metals.  With  the  chamber  surfaces 
treated  mechanically  quality  3  an  ’  asperity  according  to 
A«V0.025  were  achieved. 

Ceramic  vacuum  chambers  with  different  cross-sections, 
wall  thickness  and  length  were  manufactured.  On  the 
chamber  ends  metal  adapters  were  soldered  to  provided 
joining  with  the  flanges.  Testa  performed  showed,  that  the 
chamber  »  ensured  the  vacuum  inside  the  volume  of  up  to 
10_ia  to rr  without  pre-training  and  warming-up. 

Ceramics,  stainless  steel,  copper  conductors  should  be 
used  in  the  structure  of  the  vacuum- tight  joint  in  such  met¬ 
alloceramic  units,  as  current  leads  and  decouplings.  The 
elements  in  the  ceramic  units  were  joined  both  by  metallic 
solders  with  plastic  additives  and  various  glass-fiber  rein¬ 
forced  cements.  Tfests  performed  revealed,  that  the  met¬ 
alloceramic  units  preserved  vacuum-tightness  of  joints  at 
room  and  cryogenic  temperatures. 

IV.  CONCLUSION 

The  properties  of  ceramic  materials  of  a  nitride  class  have 
been  analyzed.  Ceramics  based  on  silicon  nitride  and  alu¬ 
minium  oxide  is  proposed  to  be  used  as  a  turn- to- turn 
insulation  for  electromagnet  coila.  Metallic  solders  have 
been  chosen  for  a  rigid  joint  of  structural  elements  of  cop¬ 
per  buses.  The  regime  of  aluminium  bus  anodizing  has 
been  developed  making  it  possible  to  produce  anode-oxide 
films  of  a  large  thickness  (up  to  100  pm)  with  an  electric 
strength  of  more  than  3  kV.  The  properties  of  impregnating 
and  sealing  compounds  have  been  tested,  which  allow  for 
a  qualitative  potting  of  structures  with  narrow  deep  gaps. 
The  scale  models  of  the  coils  with  the  chosen  insulation 
materials  have  been  manufactured  and  tested  for  electric 
strength.  The  materials  satisfy  the  requirements  for  elec¬ 
tric  strength.  The  ceramic  vacuum  chambers  with  inner 
metallization,  as  well  as  various  metalloceramic  elem  ints 
complying  with  the  operation  condition  for  accelerating  far 
dlities  have  been  started  to  be  manufactured. 
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The  Advanced  Light  Source  (ALS)  Radiation  Safety  System* 


Arthur  L.  Ritchie,  Donald  E.  Oldfather,  and  Allan  F.  Lindner 
Lawrence  Berkeley  Laboratory 
University  of  California  Berkeley,  California  94720 


Abstract 

The  Advanced  Light  Source  (ALS)  at  the  Lawrence  Berkeley 
Laboratory  (LBL)  is  a  1.5  Gev  synchrotron  ligh  t  source 
facility  consisting  of  a  120  kev  electron  gun,  50  Mev  linear 
accelerator,  1.5  Gev  booster  synchrotron,  200  meter 
rircumfereaoe  electron  storage  ring,  and  many  photon 
beamline  transport  systems  for  research.  See  figure  1. 


The  Radiation  Safety  System  for  the  ALS  has  been  designed 
and  built  with  a  primary  goal  of  providing  protection  against 
inadvertent  personnel  exposure  to  gamma  and  neutron 
radiation  and,  seoondarily,  to  enhance  the  electrical  safety  of 
select  magnet  power  supplies 

I  Introduction 

The  initial  review  process  called  for  a  preliminary  design 
review  of  the  complete  system  followed  some  time  later  by  a 
final  design  review  but,  because  of  the  construction  and 
operation  schedule,  it  was  decided  to  separate  the  project 
components  into  sub-areas  and  review  each  separately.  These 
designs  were  subjected  to  many  in-house  ALS  staff  reviews, 


♦This  work  was  supported  by  the  Director,  Office  of  Energy 
Research,  Office  of  Basic  Energy  Sciences,  Materials 
Sciences  Division,  of  the  U.S.  D.O.E.,  under  Contract  No. 
DE-AC03 -76SF00098 . 


followed  by  an  LBL  design  review  and,  eventually,  by  an 
outside  team  of  interlock  safety  professionals  from  other  DOE 
labs.  The  DOE  conducted  overall  project  safety  (fire, 
electrical,  radiation,  etc.)  reviews  as  well.  Throughout  this 
process  a  number  of  recommendations  for  improvement  were 
made  and  incorporated  into  the  design. 

II  Design  Considerations 

A  very  important  factor  in  designing  the  ALS  radiation  safety 
system  was  future  component  availability  for  maintenance 
spares  and  circuit  expansion.  With  typical  accelerator 
lifetimes  of  30  to  50  years  or  more,  circuit  components  with  a 
high  probability  of  being  manufactured  in  the  distant  future 
narrowed  the  design  process  but  the  foremost  factor  in  the 
component  selection  process  was  component  reliability, 
failure  modes,  and  predictability. 

For  all  of  these  reasons,  and  others,  a  24  volt  direct  current 
system  using  electrical-mechanical  relays  to  perform  the  logic 
functions  was  selected.  The  24  volts  is  well  below  the  50  volt 
level  set  by  OSHA  for  hazardous  working  conditions 
requiring  lock-out/tag-out  or  special  safety  equipment  for 
"live"  work.  This  voltage  is  also  widely  used  in  industrial 
and  military  control  circuit  designs,  thus  a  large  number  of 
components  are  available  from  manufacturers  to  solve  design 
problems.  Because  of  the  proliferation  of  relays  in  control 
and  safety  circuits  dating  back  to  the  early  part  of  this 
century,  a  long  history  exists  regarding  their  ruggedness, 
reliability,  and  predictability.  Solid  state  devices  introduced 
in  the  late  1950's,  quite  often  become  obsolete  and 
unavailable,  and  tend  to  fail  in  the  unsafe  (shorted)  mode. 
Programmable  devices  often  have  software  quality  assurance 
and  control  problems.  The  broad  worldwide  use  of  ekctrical- 
mechanical  relays  and  large  number  of  manufacturers  tends 
to  guarantee  future  availability. 

Except  for  short  lengths  at  interlocked  radiation  monitors  and 
beamline  safety  shutters,  radiation  safety  system  cables  are 
routed  in  separate  enclosed  wi reways  or  conduit  apart  from 
other  accelerator  wiring  and  not  allowed  in  open  ladder  trays. 
An  audio  intercom  system  uses  #20  AWG  shielded  twisted 
pair  and  a  video  system  uses  RG-59  coax  cables,  otherwise, 
all  interlock  cables  are  specified  to  have  a  minimum  wire  size 
of  number  16  AWG,  stranded,  turned  copper,  with  an 
abrasion  resistant,  flame  retardant,  low  smoke  insulating 
jacket,  and  be  listed  and  approved  by  the  Underwriters'  Lab 
with  a  type  TC  (tray  cable)  rating. 

All  switch  and  relay  contacts  have  a  minimum  5  amp  rating 
at  24  volts  dc  and  all  relay  coils  must  operate  at  75  percent  of 
their  coil  voltage  rating.  In  an  effort  to  prevent  accidental 
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wiring  errors  or  tampering  all  radiation  safety  equipment, 
cabinets  and  junction  boxes  are  locked.  All  interlock  chains 
are  tested  on  a  six  month  basis  and  alt  radiation  monitoring 
equipment  is  calibrated  quarterly. 

ED  Access  Control 

The  system  permits  three  types  of  access  control.  The  first 
being  no  access  allowed  during  accelerator  operations. 
Second  is  controlled  access  inside  the  shielding  under  certain 
conditions.  After  an  area  inside  the  shielding  has  been 
searched  and  secured,  controlled  access  can  be  allowed  bade 
into  that  area.  Accelerator  operations  are  inhibited  and 
guaranteed  by  requiring  each  person  entering  under 
controlled  access  to  take  a  key  from  a  "controlled  access  key 
cache"  located  outside  each  entrance  gate.  This  key  cache 
has  redundant  interlocks  preventing  accelerator  operation 
until  all  keys  are  returned.  This  type  of  access  control  does 
not  require  the  accessed  area(s)  to  be  searched  and  secured 
after  a  controlled  access  has  been  allowed.  Any  uncontrolled, 
inadvertent  access  or  activation  of  any  emergency  crash-off 
push  button  switch  in  a  previously  searched  area  will 
interrupt  accelerator  operations  and  require  a  new  search  and 
secure  of  that  area.  The  third  type  of  access  is  uncontrolled 
access  and  occurs  when  the  accelerator  is  shut  down  for 
modifications  or  maintenance  and  the  access  gates  entering 
the  shielding  are  propped  open. 

An  audio  and  color  video  intercom  system  links  the  six 
shielding  entrance  gates  with  the  control  room  and  is  used  for 
controlled  access  activities.  A  commercial  video  and  audio 
switching  unit  made  by  Pelco  Inc.  is  located  in  the  control 
room  along  with  a  color  monitor  and  speaker/mic  assembly. 

IV  Search  and  Secure 

The  search  of  a  given  area  of  the  accelerator  is  done  using 
keys  and  key-switches.  The  "search  keys"  are  removed  from 
key-switches  in  the  main  control  room.  Removal  insures  the 
safety  of  the  search  party.  Areas  to  be  searched  have  key 
switches  that  mate  with  the  search  keys.  These  key-switches 
must  be  reset  in  a  prescribed  sequence,  and  in  some  cases,  an 
extra  push  button  is  installed  whereby  two  switches  must  be 
operated  in  tandem,  thus  forcing  a  two  person  search. 
Accelerator  operation  is  inhibited  until  the  search  keys  are 
returned  to  the  control  room  and  turned  to  the  operate 
position  and  a  60  second  time  delay  occurs.  During  this  60 
second  delay,  normal  white  lighting  inside  the  shielded 
radiation  areas  is  immediately  turned  off  red  lighting  is 
turned  on  and  a  two  tone  audible  alarm  inside  the  shielding  is 
sounded.  Backlit  status  indicator  signs  located  in  numerous 
locations  change  from  "safe"  to  "operational"  and  after  the  60 
seconds  has  timed  out,  the  indicator  signs  change  to  "unsafe 
leave  area",  the  audible  alarm  ceases  and  red  flashing 
beacons  outside  the  entrance  gates  commence  flashing. 
Controlled  access  entry  turns  the  normal  white  lighting  back 
on  and  turns  the  red  lighting  and  flashing  beacons  off.  After 
the  person(s)  has  exited  from  a  controlled  access  and  returned 


the  keys  to  the  key  cache,  the  60  second  time  delay  sequence 
is  re-initiated  with  the  audible  and  visual  warnings  as 
described  above. 

V  System  Description 

The  interlock  system  consists  of  three  main  interlock  chains 
each  having  a  number  of  sub-chains;  all  with  redundancy 
throughout.  The  first  of  the  three  main  interlock  chains  is  the 
linac  chain  which  controls  the  120  KeV  electron  gun  as  well 
as  the  SO  MeV  linac.  Both  have  redundant  interlock  controls. 
The  electron  gun,  for  example,  has  its  ac  main  interrupted 
and  the  120kV  power  supply  external  interlock  turned  off 
should  an  interlock  be  violated.  The  linac  chain  has  three 
sub-chains  capable  of  interrupting  the  electron  gun/linac 
operation.  A  description  of  these  sub-chains  is  as  follows: 

a)  Because  of  thin  shielding  in  the  booster-to-storage  ring 
beam  transport  area,  a  portion  of  the  storage  ring  (between 
internal  gates  "A"  and  "B")  is  interlocked  as  a  sub-chain  to 
the  linac  chain,  and  occupancy  of  that  portion  of  the  storage 
ring  is  not  allowed  while  the  linac  is  operational.  Shielding 
is  adequate  when  backed  up  with  these  interlocks.  These 
same  interlock  devices  (gate/door  micro  switches,  search 
switches,  crash-off  switches,  etc.)  in  this  storage  ring  area  are 
also  a  part  of  the  storage  ring  interlock  chain  described  later. 
After  the  storage  ring  is  filled  and  operated  in  a  "stored 
beam"  mode,  and  the  linac  is  shut  down,  occupancy  of  this 
area  is  still  prohibited  because  of  the  radiation  produced  by 
the  stored  electron  beam.  Access  to  this  area  is  only 
permitted  when  both  the  linac  and  the  storage  ring  are  shut 
down.  Controlled  access  to  this  area  inhibits  operation  of 
both  the  linac  and  the  storage  ring. 

b)  The  second  sub-chain  controlling  the  linac  chain  is  the 
booster  interlock  chain.  Originally  the  booster  interlock 
chain  was  to  be  a  separate  interlock  system  allowing  access  to 
the  booster  while  limited  linac  operations  were  permitted. 
Shielding  design  changes  mandated  the  booster  interlock 
system  control  the  linac  operation.  Access  to  the  booster 
through  either  of  its  two  entrance  gates  or  activation  of  any 
booster  crash-off  push  button  switch  will  inhibit  the  linac 
operation.  As  with  the  linac  chain  having  sub-chains,  the 
booster  has  a  sub-chain  consisting  of  active  radiation 
monitors  that  eventually  control  the  operation  of  the  linac. 
Should  gamma  or  neutron  radiation  above  a  preset  trip  level 
be  detected  outside  the  shielding  ,  the  radiation  monitor  will 
interrupt  the  linac  operation  indirectly  via  the  booster  chain. 
The  tripped  radiation  monitor  interlock  is  latched  off  and 
requires  control  room  investigation  and  manual  reset  in  the 
area  of  concern.  These  radiation  monitors  are  commercially 
manufactured  by  Health  Physics  Instruments  Inc.  and  are 
designed  for  pulse  operations.  In  addition  to  an  active 
interlock  output,  they  have  a  number  of  features  including 
analog  and  digital  output  signals  for  remote  data  collection  of 
the  radiation  being  detected. 

c)  The  third  sub-chain  of  the  linac  is  another  radiation 
monitoring  system  using  the  same  type  of  detectors  as 
described  above  for  the  booster  sub-chain.  These  detectors 
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are  located  in  areas  just  outside  the  linac  shielding  and  if 
radiation  above  a  preset  trip  level  is  detected,  the  linac 
operation  will  be  inhibited.  As  with  the  booster  radiation 
monitoring  chain,  the  tripped  monitor  is  latched  off  and 
requires  control  room  investigation  and  reset  before 
operations  can  resume. 

The  second  main  ALS  interlock  chain  is  the  storage  ring 
chain.  It  eventually  becomes  an  input  along  with  the  third 
main  ALS  interlock  chain  (storage  ring  fill/run  described 
later)  to  control  the  storage  ring  RF  system  and  the  booster- 
to-storage  ring  electron  beam  transport  line  B1  and-  B2 
bending  magnets.  The  inner  storage  ring  shielding  wall  has 
three  controlled  access  entrance  gates.  Inside  the  shielding 
are  three  internal  gates  dividing  the  storage  ring  into  three 
zones.  The  outer  wall  has  12  hinged  concrete  doors  for 
maintenance  access.  All  of  these  doors  and  gates  are 
interlocked.  The  operation  of  the  storage  ring  chains  and  sub¬ 
chains  is  as  follows: 

a)  The  storage  ring  area  between  internal  gates  "A"  and 
"B"  as  discussed  earlier  is  a  sub-chain  of  the  linac  and  storage 
ring.  The  function  of  the  interlock  devices  bounded  by  the 
two  internal  gates  "A"  and  "B"  are  summed  as  a  sub-chain  at 
the  storage  ring  sector  10  entrance  gate  safety  racks  and 
becomes  an  input  for  the  main  storage  ring  chain  at  the 
storage  ring  sector  6  entrance  safety  racks  (as  well  as  the 
linac  described  above). 

b)  The  storage  ring  has  two  RF  cavities  installed  in  the 
straight  section  between  sectors  2  and  3  that  are  powered  by  a 
300kW  klystron  via  a  wave  guide  structure.  To  allow  testing 
of  this  RF  system  and  uncontrolled  access  to  the  remainder  of 
the  storage  ring,  a  third  internal  gate  (gate  "C")  was  installed 
to  form  an  interlocked  area  surrounding  the  cavities.  The 
storage  ring  sector  2  entrance  gate  access  this  area  and,  along 
with  two  interlocked  concrete  doors,  emergency  crash-off 
switches,  internal  gates  "BM  and  MC",  and  other  devices,  form 
a  sub-chain  allowing  RF  testing.  As  can  be  seen,  internal 
gate  "B"  functions  in  two  chains;  the  linac  chain  because  of 
the  storage  ring  area  between  gates  "A"  and  "B"  and  also  the 
storage  ring  RF  test  chain  because  of  the  area  between 
internal  gates  "B"  and  "C".  The  interlock  devices  for  the  area 
between  internal  gates  "B"  and  "C"  are  summed  at  the  storage 
ring  sector  2  entrance  gate  safety  racks  and  becomes  an  input 
for  the  main  storage  ring  chain  at  the  storage  ring  sector  6 
entrance  racks. 

c)  The  third  zone  of  the  storage  ring  consists  of  sectors  4 
through  9  and  is  bounded  by  internal  gates  "A”  and  "C". 
This  area  is  normally  accessed  via  an  entrance  gate  at  sector 
6  where  safety  racks  bring  together  interlocked  devices  within 
this  zone  as  well  as  the  two  other  zones  discussed  above. 
Additional  inputs  from  the  storage  ring  RF  system  (indicating 
it  is  in  an  operate  mode  as  opposed  to  test)  and  an  interlocked 
utility  tunnel  transiting  under  the  storage  ring  and  linac 
appear  at  this  location  to  form  the  main  storage  ring  chain. 
The  utility  tunnel  interlocks  are  also  shared  by  the  linac  chain 
discussed  earlier. 


The  third  main  ALS  interlock  chain  is  the  storage  ring 
ffll/stored  beam  chain.  It  has  two  functions.  It  will  inhibit 
filling  of  the  storage  ring  if  the  beamline  safety  shutters  are 
not  inserted  and  it  turns  off  the  storage  ring  RF  if  a  beamline 
hutch  interlock  is  violated.  Beamline  interlocks  for  each 
sector  are  summed  at  that  sector  and  then  all  sectors  are 
brought  together.  In  order  to  fill  the  storage  ring,  a  global  fill 
request  is  sent  to  all  beamlines  to  close  all  beamline  safety 
shutters.  This  request  is  one  input  to  an  interlock  controlling 
the  booster-to-storage  ring  beam  transport  line  bending 
magnets  B1  and  B2.  When  all  safety  shutters  are  closed  the 
interlock  is  then  complete  to  allow  operation  of  the  B1  and 
B2  magnets.  Should  a  safety  shutter  open  during  a  fill 
procedure,  the  two  magnets  are  disabled.  After  the  storage 
ring  has  been  filled  the,  global  fill  request  is  removed.  This 
relinquishes  control  of  the  safety  shutters  to  the  beamline 
operating  stations  and  reasserts  the  inhibit  of  operation  for 
the  B1  and  B2  bend  magnets.  This  prevents  accidental  beam 
transport  from  the  booster  during  tune-up  while  the  storage 
ring  is  in  a  stored  beam  mode  and  the  position  of  beamline 
safety  shutters  is  unknown.  Active  radiation  monitors  outside 
the  storage  ring  shielding  also  control  these  two  magnets  and 
the  storage  ring  RF.  Should  radiation  outside  the  shielding 
be  detected  above  the  trip  level,  the  B1  and  B2  magnet  power 
supplies  and  storage  ring  RF  are  turned  off. 

Normal  access  to  an  interlocked  beamline  hutch  is  via  a 
request  to  a  programmable  logic  controller  (PLC).  The  PLC 
cycles  certain  machine  protection  equipment  and  outputs  a 
command  to  close  the  beamline  safety  shutter.  Redundant 
micro  switches  sense  the  shutter  position  and  if  the  shutter  is 
inserted,  key(s)  are  allowed  to  be  released  from  the  beamline 
safety  shutter  control  panel.  Removal  of  a  key  operates  an 
interlock  switch  that  keeps  the  safety  shutter  inserted  until  the 
key  is  returned,  regardless  of  any  PLC  activity  to  the  contrary. 
These  key(s)  mate  with  key  switches  on  the  hutch  doors  that 
will  release  a  hutch  door  and  capture  the  key  while  in  the 
released  position.  A  search  push  button  switch  inside  the 
hutch  must  be  reset  if  the  hutch  door  has  been  opened  or  the 
emergency  crash-off  push-button  inside  the  hutch  has  been 
depressed.  Hutchless  beamlines  are  identical  except  for  the 
hutch  door  release  key(s)  and  the  search  requirement.  The 
beamline  control  panel  also  allows  the  ALS  beamline  safety 
coordinator  the  capability  of  locking  out  any  beamline  not 
meeting  ALS  standards. 

VI  Operating  Experience 

After  initial  debugging  during  commissioning,  the  linac  and 
storage  ring  interlock  systems  have  performed  very  well.  At 
the  time  of  this  writing,  components  for  the  beamline  safety 
shutters  and  hutches  are  being  fabricated  and  installed. 
Beamline  operations  are  expected  within  the  next  two  to  three 
months. 
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RADIATION  MEASUREMENTS  DURING  CAVITIES 
CONDITIONING  ON  APS  RF  TEST  STAND* 

D.M.Grudzien,  R.L.Kustom,  HJ.Moe,  J.J.Soog 
Argonne  National  Laboratory,  Argon ne,  1L  60439 


Abstract 

In  order  to  determine  the  shielding  structure  around 
the  Advanced  Photon  Source  (APS)  synchrotron  and  stor¬ 
age  ring  RF  stations,  the  X-ray  radiation  has  been  measured 
in  the  near  field  and  far  field  regions  of  the  RF  cavities  dur¬ 
ing  the  normal  conditioning  process.  Two  cavity  types,  a 
prototype  352-MHz  single-cell  cavity  and  a  352-MHz  five¬ 
cell  cavity,  are  used  on  the  APS  and  are  conditioned  in  the 
RF  test  stand.  Vacuum  measurements  are  also  taken  on  a 
prototype  352-MHz  single-cell  cavity  and  a  352-MHz  five¬ 
cell  cavity.  The  data  will  be  compared  with  data  on  the  five¬ 
cell  cavities  from  CERN  [1]. 

I.  INTRODUCTION 


The  X-ray  and  vacuum  measurements  were  made 
on  various  cavities  with  conditioning  and  without 
conditioning.  The  information  obtained  provides  data  for 
the  final  design  of  the  radiation  shielding  on  the  APS  RF 
stations. 

II.  EXPERIMENTAL  SET-UP  AND 
PROCEDURE 


B  -  480v  TED  rc«  Hfl 

COVtPMCNT 


M  -  JLWCriO*  BOX  - 
EKxaztD  from 
BUU«C  #368 


C  -  0.0*3  LOO*  COOLMO 
wait*  SV5TCU  r0* 
tltJTKON 

D  -  a 0*0  LOO*  ZOOLMG 
SYSIt*  ro* 
one 


J  -  CONTROL  SWHCMCS 
4  BOV  rtto 

*  -  *anci 

\  -  CU  AN  PORCH  PAMCL 


Fig.  2.  RF  Test  Stand  Area  Layout 


Measurements  were  made  on  the  cavities  that  were 
installed  in  the  APS  RF  test  stand.  The  RF  test  stand  block 
diagram  and  area  layout  are  shown  in  Figures  1  and  2, 
respectively. 


Fig.  1.  RFTest  Stand  Block  Diagram 


♦Work  supported  by  U.S.  Department  of  Energy,  Office  of 
Basic  Science  under  contract  W-31-109-ENG-38. 


The  RF  system  consists  of  a  250-kW  Philips 
Klystron  YK1350,  a  351-MHz  ANT  circulator,  a  WR  2300 
waveguide,  directional  couplers,  coaxial  water  loads,  and  a 
351.9-MHz  single-cell  [2]  or  a  351.9-MHz  five-cell  reso¬ 
nant  cavity  (LEP)  type  [3].  Directional  couplers  are  located 
immediately  after  the  klystron  power  and  in  each  of  the 
arms  of  the  circulator  to  monitor  both  forward  and  reverse 
power. 

The  cavities  are  loop-excited  using  an  input  cou¬ 
pler  from  the  WR2300  waveguide.  The  low-level  RF 
system  controls  the  amplitude  and  phase  of  the  RF  signal 
which  drives  the  klystron  amplifier.  It  also  includes  the 
phase  regulation  that  maintains  the  cavity  resonance  point. 
The  low- level  RF  system  consists  of  an  RF  drive  control 
loop  for  pulse  or  CW  operation  to  set  the  operating  level  of 
the  klystron  in  the  linear  or  saturation  region,  and  a  fre¬ 
quency  control  loop  to  keep  the  cavity  on  resonance.  The 
power  supply  is  rated  at  550  kW  DC  and  produces  10  A  at 
55  kV  or  8.6  A  at  65  kV  to  feed  the  klystron  The  cavities 
are  tested  at  a  vacuum  limit  of  5x1  O'7  and  more  typically 
about  1  to  2xlO‘7Torr.  The  base  pressure  of  the  single  cell 
cavity  is  10'*Torr  and  the  five-cell  cavity  is  10'10  Torr. 
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Vacuum 


X-ray  levels  were  measured  with  aXetexWide 
Area  Monitor  Model  510A-10  and  film  badges. 

m.  MEASUREMENTS 

1)  Singled ell  Prototype  Cavity 

After  assembly  the  cavity  was  not  baked.  X-ray 
measurements  were  dooe  with  five  film  badges  placed 
around  the  cavity.Tbe  radiation  levels  in  millirads  are  shown 
in  Table  1.  The  measurements  were  performed  for  two 
hours  at  power  levels  of  30  kW  and  60  kW. 

Table  1.  Radiation  measurements  around  a  single-cell 
cavity  (in  mrd). 

Radiation  Position  from  the  center  of 


badge 

# 

the  cavity  in  the  directions 
x  y  z 

30kW 

60kW 

1 

-0.84 

-0.28 

+0.39 

min 

410 

2 

-0.84 

+0.28 

+0.39 

min 

400 

3 

-0.66 

+0.28 

+0.39 

min 

260 

4 

-0.66 

-0.28 

+0.39 

min 

260 

5 

0 

0 

+0.39 

min 

20 

The  single-cell  cavity  vacuum  as  a  function  of  RF 
power  is  shown  in  Fig.  3. 


Fig.  3.  Cavity  vacuum  as  a  function  of  RF 

power  after  122  hours  of  conditioning. 


2)  Five-Cell  Cavity  #1 

After  assembly,  the  cavity  was  baked  out  at  150° 
C  for  24  hours  and  then  conditioned  with  RF  power  up  to 
100  kW  in  the  RF  test  stand. 

An  X-ray  radiation  level  of  .14  mrd/h  was  found 
around  the  blockhouse  at  a  40-kW  power  level.  Nothing 
was  observed  for  low  power  levels.  About  this  same  level 
was  observed  on  an  Xetex  X-ray  monitor  with  its  bead 
sensor  located  in  the  blockhouse  (  Fig.  2).  The  radiation 
levels  in  millirads  are  listed  in  Table  2.  At  100  kW  measu¬ 
rements  were  taken  for  three  hours  with  ten  film  badges 
placed  around  the  cavity.  This  cavity  was  pumped  with  two 
400-1/s  turbo  pumps. 


Table  2.  Radiation  measurements  around  a  five-cell  cavity 
at  100  kW. 


Radiation 

badge 

# 

Position  from  the  center  of 
the  cavity  in  the  directions  in  m 
x  y  z 

Radiation 
level  in 

mrd 

1 

-1.4 

0 

0 

895 

2 

-1.1 

-0.4 

+0.4 

95 

3 

0 

-0.4 

+0.4 

50 

4 

+1.1 

-0.4 

+0.4 

35 

5 

+1.4 

0 

0 

120 

6 

+1.1 

+0.4 

+0.4 

30 

7 

0 

+0.4 

+0.4 

85 

8 

-1.1 

+0.4 

+0.4 

125 

9 

-2.0 

-2.0 

-2.0 

35 

10 

+2.0 

+2.0 

+2.0 

15 

The  radiation  level  in  mrd/h,  the  cavity  vacuum  in 
Ton,  and  RF  power  in  kW  are  shown  in  Fig.  4. 


Fig.  4.  Radiation  level,  cavity  vacuum  level,  and 
RF  power  level  as  a  function  of  time. 


The  five-cell  cavity  vacuum  as  a  function  of  RF 
power  after  42  boon  of  conditioning  is  shown  in  Fig.  5. 
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Radtation 


Fig.  5.  Cavity  vacuum  as  a  function  of  RF  power  after 
42  hours  of  conditioning. 


3)  Five-Cell  Cavity  *2 

After  assembly,  the  cavity  was  baked  out  at  150°  C 
for  24  hours  and  then  conditioned  with  RF  power  up  to  100 
kW  in  the  RF  test  stand.  At  a  power  level  of  100  kW  mea¬ 
surements  were  taken  for  three  hours  with  ten  film  badges 
placed  around  the  cavity.  This  cavity  was  pumped  one  400- 
1/s  turbo  pump. 

Table  3  shows  the  radiation  level  in  millirads. 


Fig.  6.  Radiation  level,  cavity  vacuum  level,  and  RF  power 


R.F.  Power  In  Ntowatts 

Fig.  7.  Cavity  vacuum  as  a  function  of  RFpower  after  32 
hours  of  conditioning. 


IV.  CONCLUSIONS 


Table  3.  Radiation  measurements  around  a  five-cell  cavity 
at  100  kW. 

Radiation  Position  from  the  center  of  Radiation 
badge  the  cavity  in  the  directions  in  m  level  in 


# 

X 

y 

z 

mrd 

1 

-1.4 

0 

0 

140 

2 

-1.1 

-0.4 

+0.4 

40 

3 

0 

-0.4 

+0.4 

60 

4 

+1.1 

-0.4 

+0.4 

45 

5 

+1.4 

0 

0 

500 

6 

+1.1 

+0.4 

+0.4 

85 

7 

0 

+0.4 

+0.4 

40 

8 

-1.1 

+0.4 

+0.4 

70 

9 

-2.0 

-2.0 

-2.0 

15 

10 

+2.0 

+2.0 

+2.0 

Min 

The  radiation  level  in  nud/b,  the  cavity  vacuum  in 
Torr,  and  RF  power  in  kW  as  a  function  of  time  are  shown 
in  Fig.  6  and  the  cavity  vacuum  as  a  function  of  RF  power  is 
shown  in  Fig.  7. 


Since  the  prototype  single-cell  cavity  was  not  baked 
out  after  assembly,  the  conditioning  process  wasapproximate- 
ly  two  months  long.  High  radiation  levels  of  895  and  500 
mrd  were  measured  on  badges  positioned  close  to  the  beam 
ports  of  the  five-cell  cavities. 
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Abstract 

Neutron  dose  equivalent  rates  have  been  measured  for 
800-MeV  proton  beam  spills  at  the  Los  Alamos  Meson 
Physics  Facility.  Neutron  detectors  were  used  to  measure  the 
neutron  dose  levels  at  a  number  of  locations  for  each  beam- 
spill  test,  and  neutron  energy  spectra  were  measured  for 
several  beam-spill  tests.  Estimates  of  expected  levels  for 
various  detector  locations  were  made  using  a  simple  analytical 
model  developed  for  800-MeV  proton  beam  spills.  A 
comparison  of  measurements  and  model  estimates  indicates 
that  the  model  is  reasonably  accurate  in  estimating  the  neutron 
dose  equivalent  rate  for  simple  shielding  geometries.  The 
model  fails  for  more  complicated  shielding  geometries,  where 
indirect  contributions  to  the  dose  equivalent  rate  can 
dominate. 

I.  INTRODUCTION 


g/cc).  For  production  angles  of  3O°50£6O°,  DER  estimates 
are  made  with  both  sets  of  parameters  defining  a  range  of 
possible  values. 


Table  1. 

Analytical  Model  Parameters  for  Estimating  Neutron  Dose 
Equivalent  Rates  for  800-MeV  Proton  Beam  Spills. 


Parameter 

o°ses3o° 

6O°S0S12O° 

Hq  (mrem»m2)/(hr»|iA) 
P(rad'l) 

X  concrete  (m) 

X  mag.  concrete  (m) 

X  tuff  (m) 

X  nat.  iron  (m) 

856  x  106 

2.14 

0.58 

0.43 

0.77 

0.35 

296  x 106 

2.3 

0.50 

0.40-0.43 

0.66 

0.20 

The  assessment  of  radiation  shielding  for  the  Los  Alamos 
Meson  Physics  Facility  (LAMPF)  and  the  Los  Alamos 
Neutron  Scattering  Center  (LANSCE)  required  a  quick  and 
simple  method  of  estimating  neutron  dose  equivalent  rates 
(DER)  for  800-MeV  proton  beam  spills.  An  analytical  model 
has  been  developed  for  this  purpose.  During  the  1992 
operating  cycle,  neutron  DER  measurements  were  performed 
in  the  switchyard  area  of  LAMPF  and  at  LANSCE.  These 
results  have  been  used  to  gauge  the  accuracy  of  the  model  to 
estimate  the  p~«tron  DER  (accuracy  within  a  factor  of  2-3  is 
desired).  T.  e  ana/tical  model  is  discussed,  the  1992  beam- 
spill  measurements  performed  are  described,  and  a 
comparison  with  the  model  estimates  is  made. 

n.  ANALYTICAL  MODEL  FOR  ESTIMATING 
NEUTRON  DOSE  EQUIVALENT  RATES 

The  analytical  model  used  to  estimate  the  neutron  DER  is 
a  combination  of  a  Moyer  Model  [1,2]  for  lateral  production 
angles  and  extended  for  800-MeV  proton  beams  and  a  Monte 
Carlo  based  formula  for  forward  production  angles  [3].  The 
model  has  the  following  functional  form: 

D  =  ^exp(-p0)expj-£-J- 

where  D  is  the  neutron  dose  equivalent  rate,  H0  is  the  source 
term,  r  is  the  distance  from  spill  to  observation  point,  f)  is  the 
angular  relaxation  parameter,  6  is  the  production  angle 
between  the  incident  beam  direction  and  the  ray  from  spill  to 
observation  point,  rj  and  Xj  are  the  path  length  through  and 
attenuation  length  for  material  i,  respectively.  The  model 
parameters  are  listed  in  Table  1,  which  includes  the 
attenuation  lengths  for  concrete  (2.42  g/cc),  magnetite 
concrete  (3.64  g/cc),  natural  iron  (7.87  g/cc),  and  tuff  (1.6 


m.  1992  BEAM-SPILL  MEASUREMENTS 

A.  Description  of  Beam-spill  Measurements  and  Detector 
Locations 

Beam-spill  measurements  were  performed  in  the 
switchyard  area  of  LAMPF  and  at  LANSCE.  The  switchyard 
measurements  were  performed  in  Line  D,  the  transfer  line 
from  the  linac  to  the  Proton  Storage  Ring  that  supplies  beam 
to  LANSCE.  Measurements  were  made  for  two  spill  points 
in  the  Line  D  89°  bend,  and  for  four  spill  points  at  LANSCE. 
Measurements  for  two  detector/spill  point  combinations  in  the 
switchyard  area  and  25  detector/spill  point  combinations  at 
LANSCE  were  compared  to  model  estimates. 

The  neutron  dose  equivalent  rates  (mrem/hr)  for  various 
beam-spill  tests  were  measured  using  HPI  Pulsed  Neutron 
Detectors  Model  2080,  referred  to  as  Albatrosses.  For  each 
spill  test,  Albatross  readings  were  taken  after  three  time 
intervals;  usually  three,  six,  and  nine  minutes.  This  allowed 
each  detector  to  come  into  equilibrium  and  established  that  it 
was  consistent  over  time.  The  DER  measurements  for  each 
spill  test  were  then  normalized  by  the  beam  current  to  the 
units  mrem/(hr»pA). 

B.  Corrections  to  the  Neutron  DER  Measurements 

Albatrosses  have  a  very  low  efficiency  for  detecting  the 
contribution  to  the  DER  from  neutrons  with  En£  20  MeV. 
Therefore,  an  estimate  of  the  DER  that  was  not  measured  by 
the  Albatrosses  must  be  made  and  a  correction  factor  applied 
to  the  data.  Neutron  energy  spectrum  measurements  were 
performed  for  two  beam  spill  and  detector  locations  in  1992. 
These,  and  previous  spectrum  measurements,  indicate  that  the 
DER  contribution  from  neutrons  with  En£  20  MeV  is  (34- 
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65)%  of  the  total,  for  a  correction  factor  of  /M. 5-3.0.  A  value 
of/«1.5  corresponds  to  a  <,-*ctor  location  where  the  indirect 
contribution  to  the  DER  is  large,  while  a  value  of  /«3 
corresponds  to  detector  locations  where  the  indirect 
contribution  is  negligible.  Since  not  every  detector  location 
has  a  corresponding  spectrum  measurement,  a  correction 
factor  of  /=  2.25  has  been  applied  and  the  neutron  DER 
measurements  are  believed  accurate  to  within  a  factor  of  2  [4], 

IV.  COMPARISON  OF  MODEL  ESTIMATES 
WITH  MEASUREMENTS 

A.  Comparison  for  the  LAMPF  Switchyard  Area 

The  LAMPF  switchyard  area  has  an  overburden  of  tuff, 
with  two  penetrations,  the  personal  access  maze  and  the  truck 
access.  The  truck  access  is  filled  with  large  concrete 
shielding  blocks  whose  total  length  is  >»6.8  meters.  A  tungsten 
block  was  inserted  between  two  bending  magnets  midpoint  in 
the  89°  bend  and  the  upstream  bending  magnet  was  turned  off, 
simulating  a  spill  in  one  of  the  magnets.  Two  Albatrosses 
were  located  6.3  meters  along,  and  on  top  of,  the  concrete 
shielding  blocks  in  the  truck  access.  There  was  a  total 
distance  of  (12-12.5)  meters  between  spill  and  observation 
point,  with  a  total  of  (6.4-7.2)  meters  of  concrete  shielding. 
Approximately  70%  of  the  beam  interacted  within  the 
magnets  and  tungsten  block,  with  an  equivalent  natural  iron 
path  length  of  0.1 -0.2  m,  and  the  remainder  continued  forward 
and  struck  the  concrete  shielding  blocks.  The  production 
angle  ranged  from  12°  to  29°.  The  [estimated-,  measured] 
values  for  the  neutron  DER  for  the  two  Albatross  locations  are 
[76: 120]  and  [19:63].  The  estimates  are  within  a  factor  of  2-3 
of  the  measured  values,  and  are  acceptable  given  the 
complexity  introduced  from  the  beam  interacting  at  two 
locations. 

B.  Comparison  for  LANSCE 

The  LANSCE  spill  measurements  include  cases  in  which 
the  DER  is  expected  to  be  dominated  by  direct  contributions 
as  well  as  cases  dominated  by  indirect  contributions  from 
scattered  neutrons.  The  LANSCE  experimental  area  is 
composed  of  adjacent  two-story  buildings.  The  beam  enters 
on  the  upper  floor  (Service  Area)  of  the  first  building  and  is 
bent  90°  downwards  into  the  neutron  production  target.  The 
lower  floor  is  Experimental  Room  1  (ER1)  and  contains  the 
neutron  production  target  surrounded  by  a  bulk  shield  with  the 
horizontal  neutron  beam  lines  fanning  out  radially.  As  shown 
in  Figure  1,  steel  shielding  was  added  in  the  forward  beam 
direction  on  the  upper  level.  The  second  building  is 
Experimental  Room  2  (ER2).  The  spill  points  and  detector 
locations  are  illustrated  in  Figure  1,  and  the  corresponding 
model  estimates  and  measured  neutron  DER  are  tabulated  in 
Table  2. 

The  model  accurately  estimated  the  neutron  DER  for  a 
number  of  spill  and  Albatross  locations  (bold  type),  but  was 
unsuccessful  for  others.  First,  let  us  consider  the  three 


Albatross  locations  A-C  in  ER2.  Albatross  A  was  located  6.8 
m  above  the  floor  of  ER2,  while  Albatrosses  B  &  C  were  2.4 
m  above  the  floor,  all  directly  along  the  beam’s  line-of-sight. 
The  model  grossly  underestimated  the  measured  DER  for 
Spills  1-3  for  Albatross  B  and  Spills  2-3  for  Albatross  C.  This 
is  because  the  model  only  estimates  the  direct  line-of-sight 
contribution  to  the  DER.  The  additional  steel  shielding,  as 
well  as  the  large  amount  of  tuff,  in  the  forward  direction 
substantially  reduces  the  direct  contribution  to  the  DER  at 
locations  B  &  C,  so  that  scattering  of  low-energy  neutrons 
from  larger  production  angles  and  other  indirect  contributions 
dominate.  To  illustrate  this  point,  consider  the  ratio  of  the 
difference  between  measured  and  estimated  values  for 
Albatrosses  B  &  C  to  the  measured  values  for  Albatross  A, 
where  the  indirect  contribution  to  the  DER  is  negligible.  The 


Figure  l.a.  Plan  view  of  the  Service  Area 
and  the  upper  level  of  ER2. 


Figure  l.c.  Vertical  elevation  view  of  the 
Service  Area,  ER1,  and  ER2. 
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Table  2. 

Comparison  of  the  Measured  DER  with  the  Model  Estimate 


*  Included  for  informational  purposes  only. 


difference  between  measured  and  estimated  DER  is  used  in 
order  to  remove  the  direct  contribution  from  the  total.  The 
ratio  values  for  Albatross  B  to  A  are  0.125,  0.163  and  0.161 
(mean=0.150).  The  ratio  values  for  Albatross  C  to  A  are 
0.329  and  0.293  (mean=0.311).  These  values  are  relatively 
constant  and  independent  of  spill  location  indicating  that 
detector  locations  B  and  C  will  see  an  indirect  contribution 
equal  to  15%  and  31%  of  the  total  DER  at  location  A  for  all 
spill  points.  The  large  discrepancy  between  measurement  and 
calculation  indicates  that  indirect  contributions  can  dominate 


the  total  DER,  particularly  for  locations  where  the  expected 
direct  line-of-sight  contribution  is  small. 

This  is  further  illustrated  by  the  comparison  between 
measurement  and  model  estimate  for  Albatross  locations  in 
ER1.  No  calculations  have  been  performed  for  K,  L,  &  M; 
these  measurements  are  included  for  information  purposes 
only.  The  analytical  model  was  successful  in  estimating  the 
DER  for  D,  E,  F,  G,  H  &  I  and  Spill  4.  where  the  estimated 
DER  was  large.  The  model  was  unsuccessful  for  detector 
locations  J  &  N.  As  stated  previously,  these  two  locations  are 
directly  shielded  by  the  additional  steel  shielding.  The  other 
nine  locations  are  mostly  shielded  by  magnetite  concrete  only. 
The  discrepancy  between  measured  and  estimated  DER  is 
considerably  larger  than  was  observed  in  ER2.  This  is  most 
probably  due  to  ER1  being  a  much  smaller  enclosed  area,  a 
large  fraction  of  the  room  is  occupied  by  equipment  and 
shielding  for  the  12  neutron  beam  lines,  and  the  room  is 
enclosed  on  three  sides  by  tuff.  The  backscattering  of  low- 
energy  neutrons  may  play  a  greater  role  in  this  case. 

V.  SUMMARY 

The  analytical  model  was  successful  in  estimating  the 
neutron  DER  for  those  spill/observation  point  combinations 
where  the  shielding  geometry  was  relatively  simple.  The 
model  accurately  estimated  the  DER  for  forward  angles  in  the 
Line  D  switchyard  and  the  ER2  crane  area,  at  lateral  angles  at 
LANSCE  where  the  shielding  geometry  was  simple  and/or 
where  the  estimated  direct  DER  was  dominant.  The  model 
was  unsuccessful  at  forward  and  lateral  angles  for  more 
complicated  shielding  geometries,  particularly  where  the 
estimated  direct  contribution  was  small. 

A  simple  analytical  model  can  be  used  to  estimate  the 
neutron  DER  for  many  spill/observation  point  combinations 
allowing  the  user  to  perform  a  large  number  of  calculations 
relatively  quickly.  However,  the  model  must  be  applied 
discerningly  and  with  a  great  deal  of  caution;  the  shielding 
geometry  must  be  well  understood  so  that  it  can  be  determined 
that  indirect  contributions  to  the  DER  are  negligible. 
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Abstract 

Monte  Carlo  simulations  of  800- Me V  proton  beam  spills 
in  common  shielding  materials  show  that  neutron  dose 
equivalent  rates  in  the  forward  direction  can  be  characterized 
by  a  Moyer  Model-like  formula!  1,2].  Particle  transport  codes 
were  used  to  determine  the  neutron  flux  at  depths  up  to  6 
meters  and  for  production  angles  from  0°  to  30°  fra'  primary 
proton  beam  spills  on  cylindrical  beam  stops.  The  flux  was 
then  converted  to  dose  equivalent  rate  as  a  function  of  depth 
and  angle.  The  results  for  three  common  shielding  materials 
were  combined  and  the  resulting  fitted  formula  provides  a 
quick  method  for  estimating  the  dose  equivalent  rates  and 
shielding  effectiveness  outside  thick  shielding  at  forward 
angles. 

L  INTRODUCTION 

The  assessment  of  radiation  shielding  for  the  beam  lines  and 
experimental  areas  at  the  Los  Alamos  Meson  Physics  Facility 
(LAMPF)  required  a  quick  and  simple  method  of  estimating 
neutron  dose  equivalent  rates  for  800-MeV  proton  beam  spills 
in  the  forward  direction.  Although  some  work  has  been  done 
on  simple  formulas  far  forward  production  at  energies  above  a 
few  GeV[3],  no  useful  formula  exists  at  the  intermediate 
energies  found  at  LAMPF.  Since  the  Moyer  Model  formula 
worked  well  for  us  for  calculations  in  the  transverse  direction, 
it  was  our  hope  that  we  could  fit  a  similar,  simple  formula  to 
Monte  Carlo  results  for  dose  equivalent  rates  in  the  forward 
direction. 

n.  MONTE  CARLO  SIMULATION 

A.  Particle  Transport  Codes  and  Computer 

The  particle  transport  codes  LAHET[4]  and  MCNP[5] 
were  used  to  simulate  particle  histories  resulting  from  the 
interaction  of  a  monochromatic  800-MeV  proton  beam  in 
three  common  shielding  materials:  concrete,  natural  iron,  and 
magnetite  concrete.  LAHET  was  used  to  create  and  track 
histories  for  protons  above  1  MeV  and  neutrons  above 
20  MeV,  while  MCNP  was  used  to  track  neutrons  below 
20  MeV  and  photons.  No  variance  reduction  techniques  were 
used  in  the  simulations.  The  simulations  were  run  on  an  HP- 
730  workstation,  which  has  been  shown  to  be  approximately 
equivalent  in  speed  to  a  CRAY  Y-MP  in  benchmark  tests  for 
these  codes. 

B.  Simulation  Geometry  and  Data  Records 

The  Monte  Carlo  geometry  simulated  proton  beam  spills 
on  three  cylindrical  beam  stops  made  of  the  individual 
shielding  materials.  The  beam-spill  point  was  taken  to  be  the 
center  of  the  end  face  of  each  beam  stop,  with  the  incident 
beam  parallel  to  the  axis  of  the  cylinder.  See  Figure  1.  For 


each  of  the  shielding  materials,  the  particle  fluxes  $QE,  0,  r)  as 
a  function  of  energy  E,  production  angle  6,  and  material  depth 
r  were  recorded  on  several  surfaces  bisecting  the  cylinder 
normal  to  the  incident  beam  direction.  Each  surface  was 
divided  into  seven  concentric  annuli  subtending  production 
angles  0  ±  2.5°,  where  0  =0°,  5°,  10°,  15°,  20°.  25°.  or  30°. 
The  distance  r  was  measured  from  the  spill  point  to  the 
midpoint  of  each  annular  ring,  and  0  was  the  production  angle 
as  measured  from  the  incident  beam  direction.  Dose 
equivalent  rates  DER(0,  r)  were  obtained  by  multiplying  the 
flux  by  the  energy -dependent  ICRP[6]  conversion  factors  and 
summing  over  energy  for  each  0  and  r. 


Beam  Stop 

Figure  1.  Cylindrical  beam  stop  geometry  used  for  Monte 
Carlo  simulations.  The  spill  point  is  the  center  of  the  incident 
face.  Particle  flux  as  a  function  of  energy,  production  angle  0, 
and  distance  r  from  the  spill  point  was  recorded  over  annular 
areas  on  surfaces  at  several  depths. 

C.  Removal  of  Backscatter  and  Minimal  Contributions 

Contributions  to  the  total  dose  equivalent  rate  DER(0,  r) 
from  photons  were  on  the  order  of  a  few  percent  or  less  and 
were  therefore  ignored.  Protons,  however,  contributed  a 
substantial  fraction  to  die  calculated  dose  equivalent  rate  up  to 
depths  of  several  meters.  By  the  time  the  DER  had  reached 
acceptable  biological  occupation  levels,  however, 
contributions  by  protons  were  a  few  percent  and  were  ignored 
for  the  purposes  of  this  study.  Only  neutron  fluxes  were  used 
in  the  fit 

We  were  interested  in  the  neutron  dose  equivalent  rate 
outside  the  shielding.  The  neutron  flux  inside  the  cylinders, 
however,  included  contributions  from  internally  back- 
scattered  neutrons.  This  internal  backscattering  component 
must  first  be  removed  before  using  the  results  from  inside  the 
cylinder.  To  do  this,  several  additional  Monte  Carlo  runs 
were  performed  with  truncated  cylinders  whose  end  faces 
corresponded  to  the  positions  of  some  of  the  internal  faces.  A 
comparison  of  internal-  and  end-surface  DER's  allowed  an 
estimate  of  the  back  scattered  contributions  to  be  made.  For 
the  three  materials  discussed  here,  the  fraction  of 
back  scattered  contributions  for  each  material  was  essentially 
constant  for  all  angles  and  all  surfaces  tested.  Correction 
factors  of  0.70  for  concrete,  0.68  for  magnetite  concrete,  and 
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0.40  for  iron  were  applied  to  the  dose  equivalent  rates  for 
internal  surfaces  so  that  the  fitted  values  would  be  accurate  for 
calculations  outside  shielding. 

HL  SELECTION  OF  DATA  SAMPLE 

It  was  our  intent  to  obtain  adequate  statistical  samples  in 
each  material  to  depths  of  at  least  7  radiation  attenuation 
lengths,  approximately  the  shielding  thickness  needed  for  our 
worst-case  spills.  A  sufficient  number  of  source  protons, 
several  million  in  the  cases  of  both  concrete  and  magnetite 
concrete,  were  started  such  that  the  final  average  statistical 
errors  for  the  flux  bins  $(E,  0,  r)  up  to  depths  of  r  =  9X  were 
-1 1%.  If  the  data  at  0=0°  (the  annulus  with  the  smallest 
sampling  area)  were  excluded,  the  average  statistical  errors  on 
the  fluxes  were  -6%.  The  iron  data  presented  a  slightly 
different  picture:  the  average  statistical  error  on  the  flux  bins 
for  depths  up  to  6 A.  was  19%.  This  number  was  influenced  by 
a  few  bins  at  wide  angles  and  large  depths,  as  indicated  by  the 
fact  that  90%  of  the  flux  was  contained  in  bins  with  statistical 
errors  of  5%  or  less.  Slightly  more  than  a  million  source 
protons  were  required  to  obtain  this  accuracy  in  iron.  For  the 
purposes  of  developing  a  simple  formula  for  dose  equivalent 
rates  outside  the  shielding,  we  excluded  data  within  two 
attenuation  lengths  of  the  spill  point  to  get  past  the  build-up  of 
particles  anu  into  an  equilibrium  region  that  could  be  fitted 
simply.  The  data  included  in  the  fit  are  given  in  Table  1. 

Table  1. 

Input  data  for  the  weighted  NQNUIT  fit  of  Monte  Carlo  dose 
equivalent  rates  and  the  parameters  of  the  fit  Data  for  all 
angles  between  0°  and  30°  were  included.  Numbers  in 
parentheses  give  the  depth  in  terms  of  attenuation  lengths,  X. 


Input  Data  to  the  Monte  Carlo 

Material 

Density 

gm/cm3 

Depth 

meters 

Concrete 

2.42 

1.5  -  5.0 
(2.6  -8.6)X 

Iron 

7.87 

0.70-2.0 
(2.0  -  5.7)X 

Magnetite 

Concrete 

3.64 

1.0 -4.0 
(2.3-9.3)X 

IV.  RESULTS  OF  A  WEIGHTED  FIT  TO 
MOYER  MODEL  FORMULA 

The  dose  equivalent  rates  DER(0,  r)  and  statistical  errors 
for  the  three  materials,  at  all  angles  and  at  the  depths  listed  in 
Table  1,  were  used  to  perform  a  global,  weighted  fit  to  a 
Moyer-type  formula  of  the  form 

D  =  i^exp(-p0)exp(-£). 


Here  D(rem/hr-nA)  is  the  neutron  dose  equivalent  rate, 
Ho(rem-m2/hr-nA)  is  the  source  term,  r(m)  is  the  distance 
from  spill  to  observation  point,  fS(rad_1)  is  the  angular 
relaxation  parameter,  0(rad)  is  the  production  angle  between 
the  incident  beam  direction  and  the  ray  from  spill  to 
observation  point,  and  X(m)  is  the  attenuation  length  for  a 
material.  The  fitted  parameters  Ho,  0,  and  die  individual  X's 
for  concrete,  iron,  and  magnetite  concrete  are  given  in 
Table  2. 

Table  2. 

Fitted  parameters  from  a  MINUIT  fit  to  a  Moyer-type 
formula.  Units  are  rem-m2/hr-nA  for  the  source  term  Hq. 
Numbers  in  parentheses  give  the  radiation  attenuation  lengths 
in  gm/cm2. 


Ho 

0 

^conc 

Ximn 

Xmami 

856 

2.14  rad-1 

0.58  m 
(140.4  ) 

0.35  m 
(275.5) 

0.43  m 
(156.5) 

The  fitted  values  were  insensitive  to  the  inclusion  of 
Monte  Carlo  data  at  greater  depths  than  those  listed  in 
Table  1.  When  the  fit  was  expanded  to  include  additional  data 
for  depths  up  to  6  m  in  concrete,  3  m  in  iron,  and  5  m  in 
magnetite  concrete,  there  was  no  significant  change  in  the  fit 
parameters,  although  the  relative  errors  for  the  parameters 
increased  several  percent.  The  plots  in  Figures  2-4  show  the 
Monte  Carlo  results  at  all  depths,  but  the  line  representing  the 
fit  only  includes  the  data  listed  in  Table  1.  It  can  be  seen  that 
the  calculated  values  using  the  formula  are  still  a  good  fit  to 
the  data  at  the  greatest  depths,  but  not  far  data  in  the  build-up 
region  at  depths  less  than  2X. 

It  should  be  noted  that  the  fitted  attenuation  length 
X=0.35  m  for  iron  for  forward-production  angles  is 
significantly  longer  than  the  value  of  0.21  m  normally  quoted 
for  use  in  the  transverse  Moyer  Model.  This  is  because  the 
forward  formula  is  fit  to  data  that  explicitly  includes  low 
energy  neutrons.  When  neutrons  with  energy  below  20  MeV 
are  excluded  from  the  forward  fit  to  iron,  an  attenuation  length 
of  0.21  m  is  obtained.  This  inclusion  of  the  low  energy  data  in 
the  forward  parameters  and  formula  removes  the  need  for  the 
addition  of  hydrogenous  material  to  obtain  the  calculated  iron 
dose  equivalent  rate  normally  advised  in  the  transverse  case . 

V.  SUMMARY 

A  Moyer  Model-like  function  provides  a  very  good  fit  to 
the  Monte  Carlo  results  for  neutron  dose  equivalent  rates  in 
the  forward  direction  for  beam  spills  by  a  monochromatic 
800-MeV  [noton  beam.  This  function  can  be  used  to  estimate 
neutron  dose  equivalent  rates  outside  radiation  shielding  in 
simple  geometries  where  the  contributions  from  indirect 
sources  such  as  skyshine  and  backscattering  from  nearby 
structures  are  not  significant  A  comparison  of  estimated  dose 
equivalent  rates  from  the  formula  and  measured  values  for 
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beams  spills  at  LAMPF[7]  shows  that  the  formula  gives  a 

useful  estimate  of  the  neutron  dose  equivalent  rate  in  cases 

with  minimal  indirect  contributions. 
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Figure  2.  Comparison  of  Monte  Carlo  data  and  the  fit  to  a 
Moyer-like  formula  for  neutron  dose  equivalent  rates  at  a 
production  angle  of  0  degrees. 
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Figure  3.  Comparison  of  Monte  Carlo  data  and  the  fit  to  a 
Moyer-like  formula  for  neutron  dose  equivalent  rates  at  a 
production  angle  of  13  degrees. 


Distinct  from  Spill  Point  (meters) 

Figure  4.  Comparison  of  Monte  Carlo  data  and  fit  to  Moyer- 
like  formula  for  neutron  dose  equivalent  rates  at  a  production 
angle  of  30  degrees. 
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Abstract 

The  escalating  use  of  cryogens  at  national  laboratories  in 
general  and  accelerators  in  particular,  along  with  the  increased 
emphasis  placed  on  personnel  safety,  mandates  the 
development  and  installation  of  oxygen  monitoring  systems  to 
insure  personnel  safety  in  the  event  of  a  cryogenic  leak. 
Numerous  vendors  offer  oxygen  deficiency  monitoring 
systems  but  fail  to  provide  important  features  and/or 
flexibility.  This  paper  describes  a  unique  oxygen  monitoring 
system  developed  for  the  Magnet  Test  Laboratory  (MTL)  at 
the  Superconducting  Super  Collider  Laboratory  (SSCL). 
Features  include:  high  reliability,  oxygen  cell  redundancy, 
sensor  longevity,  simple  calibration,  multiple  trip  points, 
offending  sensor  audio  and  visual  indication,  global  alarms  for 
building  evacuation,  local  and  remote  analog  readout,  event 
and  analog  data  logging,  EMAIL  event  notification,  phone 
line  voice  status  system,  and  multi-drop  communications 
network  capability  for  reduced  cable  runs.  Of  particular 
importance  is  the  distributed  topology  of  the  system  which 
allows  it  to  operate  in  a  stand-alone  configuration  or  to 
communicate  with  a  host  computer.  This  flexibility  makes  it 
ideal  for  small  applications  such  as  a  small  room  containing  a 
cryogenic  dewar,  as  well  as  larger  systems  which  monitor 
many  offices  and  labs  in  several  buildings. 

I.  INTRODUCTION 

The  Magnet  Test  Lab  was  constructed  to  perform 
acceptance  and  life  tests  on  superconducting  magnets.  It  is  a 
complex  of  buildings  and  areas  including:  a  compressor 
building,  service  building,  main  magnet  test  hall,  control 
room,  basement,  and  numerous  lab  areas  and  offices. 

Cryogens  (liquid  helium  and  nitrogen)  flow  through 
virtually  all  areas.  A  release  of  cryogens  can  create  an  oxygen 
deficiency  hazard.  If  the  release  is  sufficiently  large,  the  loss 
causes  displacement  of  oxygen  in  the  area  to  less  than  life- 
supporting  levels.  The  MTL  oxygen  monitoring  system 
consists  of:  21  oxygen  sensors,  20  global  audio/visual  alarm 
units  for  personnel  notification  and  evacuation,  and  2 
ventilation  fan  controllers.  The  sensors  are  placed  where  the 
highest  probability  exists  for  a  leak  such  as  valves  and 
connecting  joints.  If  both  helium  and  nitrogen  are  present, 
oxygen  sensors  are  placed  in  pairs.  One  sensor  is  located  near 
the  ceiling  to  detect  oxygen  deficiencies  due  to  a  liquid  helium 
leak  (helium  is  lighter  than  air  and  rises),  and  the  other  is 
placed  near  the  floor  to  detect  deficiencies  from  a  liquid 
nitrogen  leak  (cold  nitrogen  is  slightly  heavier  than  air  and 
falls). 

II.  OXYGEN  SENSORS 

A.  Measuring  O  ~vgen 

Several  techniques  may  be  used  to  measure  oxygen.  High 
accuracy  methods  are  expensive,  especially  if  a  large  number 


of  sensors  are  to  be  used  in  applications  like  the  MTL  where 
many  sensors  are  installed  to  provide  adequate  coverage. 
Inexpensive  electrochemical  oxygen  cells  are  a  better  choice  to 
detect  oxygen  deficiencies  in  these  applications.  These  cells  act 
like  an  oxygen  sensitive  battery,  the  more  oxygen  the  cell  is 
exposed  to,  the  higher  the  voltage  output  from  the  cell. 
Conversely,  less  oxygen  yields  a  lower  voltage. 

Note  that  the  term  cell  as  used  in  this  paper  refers  to  the 
small  electrochemical  device  that  is  used  for  sensing  oxygen 
content.  The  term  sensor  is  used  to  indicate  the  9"  x  9"  unit 
containing  cells,  electronics,  horn,  and  strobe. 

B.  High  Reliability 

For  highest  reliability  the  longevity  of  the  sensor 
represents  the  greatest  concern.  Like  a  conventional  battery, 
electrochemical  oxygen  cells  have  a  finite  life,  typically  9  to 
24  months.  Experience  has  shown  that  the  health  of  the  cell  is 
a  major  factor  contributing  to  false  alarms.  Ailments  range 
from  infant  mortality,  to  anomalous  cell  variations  and 
ultimately  to  cell  death.  At  first  glance,  using  two  cells  would 
appear  to  be  a  solution.  For  example,  if  one  cell  drops  below 
the  safe  level,  we  could  switch  to  the  other  cell  (one  out  of  2 
voting).  However,  this  is  not  a  safe  solution  since  an  oxygen 
deficiency  measured  by  one  cell  would  not  allow  us  to 
ascertain  with  certainty  if  the  measured  value  is  caused  by  an 
actual  oxygen  deficiency  or  a  false  alarm.  The  solution  is  to 
use  three  cells.  Using  a  2  out  or  3  voting  scheme  allows  one 
to  differentiate  between  an  actual  oxygen  deficiency  and  a 
single  cell  failure.  Only  if  two  cells  agree  does  the  system 
initiate  an  actual  alarm.  A  single  low  reading  sensor  is  voted 
out.  In  this  way,  false  alarms  are  significantly  reduced. 

3  oo  3:  Three  cells  are  normal,  select  lowest  value. 

Cell  A  Cell  B  Cell  C  Result  Example _ Result 


Norm 

Norm 

Norm 

Norm 

20,  21,  22 

20 

2  oo  3: 

Two  cells  are  normal,  select  lowest  value. 

Cell  A 

Cell  B 

Cell  C 

Result 

Example 

Result 

Norm 

Norm 

High 

Norm 

20,  22,  25 

20 

Norm 

Norm 

Warn 

Norm 

20,  22,  19 

20 

Norm 

Norm 

Alarm 

Norm 

20,  22,  15 

20 

1  oo  3:  One  cell  is  normal,  select  lowest  value  unless  two  are 
high,  then  select  highest  value. 

Cell  A  Cell  B  Cell  C  Result  Example _ Result 


Norm 

High 

High 

High 

20,  24,  25 

25 

Norm 

High 

Warn 

Warn 

20,  25,  19 

19 

Norm 

High 

Alarm 

Alarm 

20,  25,  15 

15 

0  oo  3: 

No  cells  normal,  select  lowest  value  unless  there  are 

three  high,  then  select  highest  value. 

Cell  A 

Cell  B 

Cell  C 

Result 

Example 

Result 

High 

High 

High 

High 

24,  25,  26 

26 

High 

High 

Warn 

Warn 

24,  25,  19 

19 

High 

High 

Alarm 

Alarm 

24,  25,  15 

15 
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The  above  table  shows  the  2  out  of  3  voting  logic 
integrated  into  the  software  of  the  controller.  The  basic  voting 
rule  is  to  error  on  the  side  of  safety,  specifically  this  means 
select  the  case  would  result  in  a  state  equal  to  or  more  severe 
that  the  suspected  state.  For  example,  an  alarm  state  is  a  safer 
state  than  the  warning  state  since  it  causes  additional  actions 
such  as  activating  the  ventilation  fans. 

The  triplication  also  carries  with  it  fault  tolerance  and  ease 
of  maintenance.  Should  a  cell  fail  during  a  running  period,  the 
cell  need  not  be  replaced  immediately.  Two  of  the  three  cells 
remain  functioning  to  provide  safe  oxygen  monitoring. 
However  should  another  cell  fail,  an  alarm  will  be  initiated. 
The  system  provides  a  remote  alarm  indication  which  signifies 
the  failure  of  the  cell .  During  a  maintenance  period,  the  failed 
cell  may  be  replaced  without  interrupting  operations.  Another 
benefit  of  triplication  is  added  cell  longevity.  While  the  actual 
life  of  the  cell  is  not  lengthened,  a  normal  maintenance 
program  that  replaces  cells  before  they  fail  (i.e.,  replace  cells 
as  they  approach  their  life  expectancy)  need  not  be 
implemented.  Cells  may  remain  in  use  until  they  actually  fail. 

Other  factors  affecting  cell  reliability  are  temperature, 


C.  Set  points 

The  normal  partial  pressure  of  oxygen  at  sea  level  is  158 
mm  Hg  (158  /  760  mm  Hg  =  2 0.8%).  Deleterious  effects  due 
to  a  lack  of  oxygen  do  not  occur  in  healthy  individuals  until 
the  partial  pressure  is  less  than  approximately  135  mm  Hg 
(17.8%).  To  insure  that  a  warning  is  provided  before  this  level 
is  reached,  19.5%  is  defined  as  a  safe  level  to  indicate  a 
possible  hazard. 

Based  on  this  standard,  several  system  states  have  been 
identified:  normal,  warning,  alarm,  and  malfunction.  The 
normal  state  is  represented  by  oxygen  levels  between  19.5% 
and  23%.  A  warning  exists  anytime  the  oxygen  level  is  less 
than  19.5%  and  greater  than  18.0%.  Personnel  are  notified  of  a 
warning  by  a  intermittent  horn.  When  the  level  falls  below 
18%  an  alarm  state  exists  in  which  area  horns,  strobes,  and 
ventilation  fans  are  activated.  The  fans  bring  fresh  air  into  the 
area.  Measurements  less  than  0%  or  greater  than  23%  are 
considered  system  malfunctions  since  these  measurements  are 
considered  erroneous  in  our  application. 

D.  Calibration 


barometric  pressure,  and  humidity.  To  assure  high  reliability 
each  of  these  factors  should  be  addressed.  Temperature  is  a 
major  contributor  to  inaccuracy  and  poor  reliability.  It  is 
compensated  for  within  the  cell  by  a  temperature 
compensating  resistor.  Although  humidity  also  affects  oxygen 
measurements,  compensation  need  not  be  introduced  since 
high  accuracy  is  not  required  for  personnel  oxygen 
measurements.  Barometric  pressure  does  significantly  affect 
cell  accuracy.  At  this  writing  pressure  compensation  is  not 
provided,  however  as  shown  in  the  figure,  a  pressure  transducer 
is  included  for  a  possible  future  version. 


The  output  of  a  typical  electrochemical  cell  is  12  mv,  but 
varies  greatly  between  cells.  Therefore  the  cells  must  be 
calibrated  before  installation  and  in  the  field  if  cells  are 
replaced.  Given  the  number  of  sensors  and  the  precarious 
locations  of  many  of  the  sensors,  calibration  must  be 
simplified.  The  calibration  method  has  been  reduced  to  placing 
a  "cup"  connected  to  a  calibrated  reference  gas  (20.8%)  over  the 
cells  and  depressing  a  "calibrate"  switch.  Software  within  the 
controller  makes  specific  checks  and  normalizes  the  sensor’s 
output  to  20.8%. 


Figure  1.  Block  diagram  of  the  oxygen  monitor.  The  heart  of  the  system  is  the  Echelon  3150  Neuron  Chip.  The  three  oxygen 
cells  are  shown  as  A,  B,  and  C.  The  humidity,  temperature,  and  pressure  transducer  are  not  implemented  in  the  present  design. 
The  unit  is  powered  by  a  single  24  vdc  supply.  Alarm  power  for  the  horn  and  strobe  is  separate. 
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m.  THE  NETWORK 

A.  Features 

Providing  notification  to  personnel  of  a  hazardous 
condition  is  of  paramount  importance.  For  this  reason  both 
visual  and  audible  indications  in  the  form  of  strobe  lights  and 
evacuation  horns  are  provided.  Additional  alarms  attached 
directly  to  the  sensors  indicate  locally  the  status  of  the  oxygen 
sensors  and  aid  in  locating  the  offending  unit. 

The  analog  level  is  digitally  displayed  on  the  front  of  the 
unit.  This  value  may  also  be  ascertained  remotely  via  the 
operator  interface  console.  The  analog  levels  are  also  recorded 
at  15  second  intervals.  These  data  files  are  kept  for  7  days 
which  provides  adequate  historical  records  for  purposes  of 
analysis  and  fault  reconstruction.  Plotting  software  is  available 
for  easy  and  concise  display  of  the  data.  Discrete  state  changes 
such  as  warning,  alarm,  and  normal  are  time  and  date  stamped 
and  logged.  This  information  proves  valuable  in  ascertaining 
system  reliability. 

For  non-operating  periods  of  the  MTL,  remote 
notification  of  alarming  events  is  provided  in  two  forms.  By 
way  of  the  lab  wide  Ethernet  network,  EMAIL  messages  are 
broadcast  to  maintenance  personnel.  A  dedicated  VMAIL 
(Voice  Mail)  system  initiates  telephone  calls  to  phones  and/or 
pagers.  This  system  also  allows  for  call-in  status  requests 
from  a  remote  location  to  ascertain  oxygen  levels  of  oxygen 
sensors. 

B.  Hardware 

The  need  to  provide  adequate  coverage  requires  many 
sensors  in  often  precarious  and/or  remote  locations.  Some  are 
suspended  from  a  30'  high  ceiling  and  others  in  pits  or 
basements.  Running  cable  and  conduit  to  these  locations 
represents  a  significant  cost.  The  need  to  reduce  cable 
complexity  was  answered  by  a  new  communication 
technology  developed  by  Echelon®  Corporation  and  embodied 
in  the  3120  and  3150  Neuron  integrated  circuits  manufactured 
by  Motorola®  and  Toshiba®.  A  "multi-drop"  network 
topology  is  used  which  allows  for  sensor  communication  over 
a  single  twisted  pair  cable.  This  has  the  advantage  of  also 
reducing  conduit  size  and  therefore  further  reducing  installation 
costs.  For  our  application  78  Kbps  was  used  (1.25  Mbps  is 
also  available).  Other  communications  media  are  available 
such  as  RF  (4800  bps),  power  line  (9600  bps),  coax,  IR,  and 
optical  fiber. 

The  Neuron  is  basically  a  standard  microcontroller  such  as 
the  Motorola  68HC11  and  Intel  8051  with  internal  RAM, 
ROM,  and  EEPROM.  What  makes  this  chip  unique  is  the 
powerful  built-in  communications  capability,  LonTalk™,  a 
proprietary  seven-layer  network  protocol.  Peer  to  peer 
communications  is  easy  to  implement  allowing  any  sensor  to 
broadcast  messages  to  any  other  sensor  or  for  that  matter  any 


device  on  the  network.  Error  checking,  packet  assembly, 
acknowledgment  and  retries  are  implemented  within  the 
Neuron  and  are  transparent  to  the  programmer.  A  predictive 
Carrier  Sense  Multiple  Access  (CSMA)  with  optional 
collision  detection  is  used  for  communications  and  provides 
high  throughput  even  at  high  traffic  rates.  Transformer 
coupling  provides  additional  fault  tolerance  to  cell  failures 
which  may  otherwise  adversely  affect  the  network. 

C.  Software 

Software  is  required  to  implement  the  many  features 
described.  The  software  is  written  in  Neuron  C  which  contains 
several  extensions  to  standard  C  which  allows  the  programmer 
to  easily  take  advantage  of  the  Neuron's  features.  Neurons 
communicate  with  each  other  by  the  use  of  input  and  output 
network  variables.  In  our  application,  the  fan  controllers  and 
alarm  units  ha/e  input  variables  and  the  oxygen  monitors, 
output  variables.  In  order  for  a  cell  to  control  a  fan,  a 
connection  between  the  nodes  must  be  made.  This  process  is 
called,  “binding”.  Therefore  the  logic  (program)  that  might 
normally  be  implemented  in  a  single  controller,  is 
implemented  in  a  database  of  bindings. 

IV.  CONCLUSION 

Use  of  oxygen  monitoring  systems  will  continue  to 
expand  in  use  at  national  laboratories  and  represent  a  large 
subsystem  at  the  SSCL.  False  alarms  of  such  systems 
adversely  affects  humans  and  creates  both  operational  and 
availability  problems.  Using  triplicated  cells  provides 
increased  reliability  from  several  types  of  cell  failures.  In 
addition,  the  distributed  control  system  described  has  great 
flexibility  and  saves  on  both  cable  and  installation  costs. 
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Abstract 

Traditionally  safety  systems  intended  for  protecting 
personnel  from  electrical  and  radiation  hazards  at  particle 
accelerator  laboratories  have  made  extensive  use  of 
electromechanical  relays.  These  systems  have  the  advantage  of 
high  reliability  and  allow  the  designer  to  easily  implement 
fail-safe  circuits.  Relay  based  systems  are  also  typically 
simple  to  design,  implement,  and  test.  As  systems,  such  as 
those  presently  under  development  at  the  Superconducting 
Super  Collider  Laboratory  (SSCL),  increase  in  size,  and  the 
number  of  monitored  points  escalates,  relay  based  systems 
become  cumbersome  and  inadequate.  The  move  toward 
Programmable  Electronic  Safety  Systems  is  becoming  more 
widespread  and  accepted.  In  developing  these  systems  there  are 
numerous  precautions  the  designer  must  be  concerned  with. 
Designing  fail-safe  electronic  systems  with  predictable  failure 
states  is  difficult  at  best.  Redundancy  and  self-testing  are  prime 
examples  of  features  that  should  be  implemented  to 
circumvent  and/or  detect  failures.  Programmable  systems  also 
require  software  which  is  yet  another  point  of  failure  and  a 
matter  of  great  concern.  Therefore  the  designer  must  be 
concerned  with  both  hardware  and  software  failures  and  build  in 
the  means  to  assure  safe  operation  or  shutdown  during  failures. 
This  paper  describes  features  that  should  be  considered  in 
developing  safety  systems  and  describes  a  system  recently 
installed  at  the  Accelerator  Systems  String  Test  (ASST) 
facility  of  the  SSCL. 

I.  INTRODUCTION 

Incidents  at  Bhopal,  India  and  Chernobyl,  Russia  and 
much  closer  to  home,  the  Challenger  shuttle  disaster  are 
extreme  cases  of  failures  that  make  one  appreciate  the  need  for 
safety  systems  to  control  a  process.  Particle  accelerators  do  not 
present  the  same  level  of  hazard.  However,  the  importance  of 
careful  design  of  such  systems  to  protect  personnel  from  those 
hazards  typically  found  at  accelerators  such  as  electrical  and 
radiation,  cannot  be  overlooked.  To  aid  in  the  design  of  such 
systems,  the  performance  goal  and  requirements  must  be 
quantified  using  reliability  engineering  and  compared  to  an 
acceptable  level  of  risk.  The  question  to  ask  is  not,  is  it  safe ?, 
but  is  it  safe  enough ? 

Using  availability  to  quantify  safety  system  performance, 
a  casual  manager  might  specify  an  availability  of  99.9% 
thinking  this  is  surely  safe  enough.  However,  relating  this  to 
the  real  world  would  result  in  16,000  pieces  of  mail  lost  every 
hour,  22,000  checks  deducted  from  the  wrong  account  every 
hour,  two  unsafe  landings  at  Chicago's  O’Hare  airport 
everyday,  and  one  hour  of  unsafe  drinking  water  every  month. 1 
These  examples  may  seem  extreme  but  they  show  the 
importance  of  developing  an  acceptable  performance  level  for 
the  process  in  question. 


D.  SAFETY  SYSTEM  DESIGN 

A.  Overt  Failures 

Several  types  of  safety  system  failures  have  been 
identified  which  the  designer  must  be  concerned  with  and  if 
possible  prevent.  An  overt  failure  of  a  safety  system  results  in 
a  revealed,  fail-safe  action.  At  a  particle  accelerator  this  failure 
might  take  the  form  of  a  coil  failure  of  a  normally  energized 
relay  opening  resulting  in  a  critical  power  supply  turning  off. 
Since  these  failures  result  in  a  safe  shut  down  of  an 
accelerator,  the  system  has  failed-safe  which  is  the  first 
concern  of  the  designer.  However,  these  failures  are  costly  as 
they  directly  affect  accelerator  availability.  For  reasons  other 
than  safety,  these  failure  must  be  prevented. 

Overt  availability  (A0)  can  be  defined  using  mean  time 
between  failure  (MTBF)  and  mean  down  time  (MDT). 

Ao  =  MTBF  /  (MTBF  +  MDT)  (1) 

Since  an  overt  failure  is  self  revealing  (i.e.,  machine  shuts 
down  when  failure  occurs),  MDT  equals  the  mean  time  to 
repair  (MTTR)  resulting  in  the  following  relationship. 

A0  =  MTBF  /  (MTBF  +  MTTR)  (2) 

B.  Covert  Failures 

Covert  failures  on  the  other  hand  are  far  more  dangerous 
and  typically  receive  less  attention.  These  failures  are  hidden 
and  may  not  be  found  until  a  demand  is  put  on  the  system  or 
some  unusual  circumstance  arises.  Covert  failures  remain  in 
the  system  and  may  only  be  revealed  when  the  system  needs  to 
respond.  Hopefully  these  failures  are  discovered  during  a 
system’s  test  rather  than  an  actual  need  for  the  system  in 
which  the  system  fails  to  respond. 

Statistically  speaking,  faults  can  occur  at  any  time 
between  two  successive  tests,  the  average  time  of  half  the  test 
interval  (TI)  must  be  factored  into  the  equation  resulting  in  the 
following  equation. 

Ac  =  MTBF  /  (MTBF  +  MTTR  +  1/2  TI)  (3) 

Therefore  the  more  frequently  a  system  is  tested,  the 
higher  the  covert  system  availability.  For  this  reason,  frequent 
testing  cannot  be  overemphasized  to  discover  covert  failures. 
Heretofore  systems  using  simple  electromechanical  relay  logic 
for  control  required  manual  testing  (typically  at  6  months 
intervals).  Modem  electronic  systems  give  greater  flexibility 
and  allow  frequent  automated  testing. 


1  Is  99.9%  Good  Enough,  InTech ,  1989. 
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B.  Common  Mode  Failures 

If  a  single  action  can  adversely  affect  the  performance  of  a 
safety  system,  the  potential  for  a  hazard  increases.  A  common 
mode  failure  can  be  defined  as  the  failure  of  two  or  more 
independent  items  due  to  a  common  cause.  Particle  accelerator 
safety  systems  are  typically  redundant,  but  this  does  not  make 
them  immune  to  common  mode  failures.  For  example,  two 
independent  magnetically  operated  proximity  switches  used  to 
sense  an  access  door  may  fail  to  function  properly  when 
subjected  to  a  single  external  stray  magnetic  field.  Common 
mode  failures  may  be  prevented  by  using  active  parallel 
redundancy,  in  other  words,  completely  independent  systems. 
But  even  here  a  careful  analysis  of  failure  modes  must  be 
considered.  For  example,  a  simple  solution  to  the  failure  of 
two  magnetically  operated  switches  is  to  use  two  different 
technologies  for  door  sensing  such  as  a  simple  mechanical 
switch  and  one  magnetically  operated  proximity  switch. 

Other  solutions  include  using  active  sensing  rather  than 
passive  sensing  devices.  A  conventional  switch  is  static 
(passive)  in  sensing  an  access  door’s  position.  An  electronic 
device  that  continually  transmits  signals  and  expects  a 
response  is  an  active  solution  that  in  essence  “must  work  to 
work”.  This  field  device  has  the  advantage  of  failing  safe  and 
failures  are  overt,  they  are  discovered  when  they  occur  rather 
than  during  a  system  test  that  may  detect  only  covert  failures. 

ffl.  CONTROL  TECHNOLOGIES 

A.  Electromechanical  Relays 

Heretofore,  picking  a  control  system  for  safety  system 
applications  was  relatively  simple  since  there  were  few 
solutions  and  it  was  often  mandated  that  simple,  reliable 
electromechanical  relays  must  be  used.  Indeed  relays  have 
passed  the  test  of  time.  These  systems  are  unaffected  by 
numerous  types  of  interference,  have  a  low  initial  cost,  are 
easy  to  document,  and,  of  utmost  importance  to  safety  system 
designers,  they  are  98%  fail-safe  with  well  understood  failure 
modes. 

However,  the  98%  fail-safe  feature  is  a  mixed  blessing.  It 
means  relay  based  systems  are  prone  to  overt  (nuisance)  trips. 
In  addition,  they  are  inflexible.  Inflexibility  for  safety  systems 
is  a  plus,  since  errors  are  often  introduced  when  changes  are 
made  and  not  properly  tested  or  documented.  However,  the 
inflexibility  also  means  that  some  useful,  albeit  unnecessary, 
changes  that  one  may  wish  to  implement  are  often  not 
implemented  due  to  the  time  and  difficulty  required. 

B.  Hardwired  Solid  State  Controllers 

Some  of  the  deficiencies  associated  with  relay  based 
systems  can  be  overcome  by  hardwired  solid  state  systems. 
These  systems  consist  of  electronic  logic  devices  hardwired  in 
a  specific  configuration.  In  size  and  weight  sensitive 
applications,  these  systems  have  an  advantage  over  relay  based 
systems  and  allow  one  to  more  easily  develop  redundant 
systems  with  low  power  consumption.  Solid  state  controllers 
also  allow  on-line  testing  of  input  and  output  circuits  either 
manually  or  automatically  and  therefore  serve  to  increase 
covert  (hidden)  availability  when  tests  are  performed  often. 


C.  Microprocessor 

The  microprocessor  has  come  a  long  way  since  its  initial 
introduction  and  has  recently  crossed  the  safety  system  barrier. 
Like  hardwired  solid  state  controllers,  implementing  automated 
testing  of  both  the  processor’s  internal  health  (i.e.,  memory 
tests  etc.)  and  external  field  devices  can  be  easily  achieved. 
Adding  an  external  “watchdog”  timer  (heartbeat  monitor)  is 
also  easy  to  develop  and  serves  as  a  guard  of  the  overall 
system’s  integrity. 

Programmable  Logic  Controllers  (PLC)  fall  into  the 
category  of  microprocessor  based  systems.  In  recent  years 
these  controllers  have  become  very  powerful  and  easy  to  use. 
Their  use  in  industry  for  process  control  is  widespread.  In 
addition,  these  systems  are  at  present  in  use  or  under 
development  at  several  particle  accelerator  laboratories. 
However,  not  all  PLCs  are  created  equal  and  most  are  not 
suited  for  safety  applications.  Careful  consideration  must  be 
given  safety  issues  in  selecting  a  specific  PLC. 

The  microprocessor  systems  may  be  easily  integrated  into 
the  main  control  system  over  a  network.  Amenities  such  as 
event  data  logging,  simulated  human  speech  announcements, 
and  color  graphic  operator  interface  video  displays  can  easily 
be  implemented.  Such  extras  could  not  economically  be 
implemented  in  other  technologies. 

Microprocessors  flexibility  arises  from  its  software 
programmability.  This  flexibility  is  both  an  asset  and  a  major 
area  of  concern  in  safety  applications.  The  safety  system’s 
designer  has  well  founded  fears  relating  to  the  reliability  of 
software  and  its  security.  Numerous  documented  incidents  of 
software  failures  have  led  to  loss  of  life.  Complicating  the 
issue  is  that  while  well  understood  and  accepted  standards  exist 
for  evaluating  hardware  systems,  there  is  no  universally 
accepted  standard  for  evaluating  software  reliability. 

One  solution  to  the  problem  of  software  reliability  might 
be  to  develop  two  independent  software  programs  for 
installation  on  redundant  controllers.  This  approach  has  been 
adopted  at  the  Continuous  Electron  Accelerator  Facility 
(CEBAF)  in  Newport  News,  VA.  and  here  at  the  SSCL  (see 
Figure  1).  The  intent  of  such  a  philosophy  is  to  prevent 
software  failures,  specifically  common  mode  failures. 
Presumably  a  software  error  made  by  one  programmer  will  not 
be  made  by  another  programmer.  However,  this  method  is  not 
a  solid  solution.  There  is  typically  one  requirements  document 
developed  for  a  system.  One  can  make  a  cogent  argument  that 
a  flaw  existing  in  the  specification,  will  flow  into  the  both 
programs  even  though  developed  separately.  Others  argue  that 
a  careful  review  process  of  the  software  is  a  solution.  Until  a 
standard  is  developed  the  issue  of  software  reliability  will 
continue  to  be  of  great  concern. 

IV.  ASST 

A.  Personnel  Access  Safety  System 

The  Accelerator  System  String  Test  (ASST)  facility  is  a 
surface  enclosure  measuring  626’  in  length  located  at  the 
SSCL.  The  facility  was  developed  to  perform  tests  on  a  half 
cell  of  superconducting  magnets.  The  hazards  within  the 
enclosure  are  electrical  and  cryogenic.  The  safety  system 
consists  of  dual  programmable  logic  controllers  to  monitor 
and  control  the  myriad  aspects  of  safety. 
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Two  independent  programmable  logic  controllers  are  on  systems  must  be  running  for  the  system  to  be  operational), 
line  at  all  times  using  2  out  of  2  voting  (i.e.,  two  of  the  two 
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Figure  1.  The  system  is  comprised  of  dual  redundant  programmable  logic  controllers.  Critical  field  devices  such  as  personnel 
access  door  sensors  are  redundant.  In  those  cases  where  two  separate  field  devices  are  not  practical,  two  signals  are  derived  from  a 
single  point. 


V.  CONCLUSION 

Numerous  technologies  exist  today  for  the  designer  to 
solve  complex  safety  problems.  However,  with  the  diverse 
number  of  solutions  comes  the  need  to  systematically  develop 
requirements  appropriate  for  the  hazards  and  their 
consequences.  For  this  reason,  a  careful  examination  of 
availability  requirements  must  be  developed  from  the 
beginning  giving  careful  consideration  to  overt,  covert,  and 
common  mode  failures.  Equally  important  is  the  need  to 
carefully  select  the  technology  appropriate  for  the  application. 
If  the  solution  uses  programmable  controllers,  additional 
efforts  must  be  given  to  the  issues  of  software  configuration 
management  and  reliability. 
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Abstract 

A  tune  meter  has  been  developed  and  installed  for  the 
Fermilab  Booster.  It  is  capable  of  measuring  the  tunes  in  two 
planes  over  the  energy  ramping  cycle  with  an  accuracy  of 
0.001  and  measuring  chromaticities  in  pseudo  real  time.  For 
each  plane  this  system  uses  one  stripline  pick-up  type  BPM 
and  one  single  tum  ferrite  kicker.  Data  acquisition,  processing 
and  control  is  implemented  in  a  VMEbus  based  system  as  an 
integrated  part  of  the  Fermilab  Accelerator  Controls  Network 
(ACNET)  *  system.  The  architecture  enables  the  tune 
measurement  and  control  to  be  contained  in  one  intelligent 
system.  Here  we  will  present  architecture,  software,  results 


I.  INTRODUCTION 

The  Fermilab  Booster  ^  presently  operates  over  an  energy 
range  of  200  Mev  to  8  Gev  at  15  Hz  cycle.  The  nominal 
betatron  frequencies  in  the  horizontal  and  vertical  planes  are  vt 
=  6.7  and  vy  =  6.8  respectively  but  vary  substantially  over  the 
cycle  because  of  changes  in  the  synchrotron  lattice  functions. 
A  correction-magnet  assembly  consisting  of  a  horizontal  and 
vertical  dipole,  a  quadruple  and  a  skew  quadruple  is  placed  in 
each  short  and  each  long  straight  section.  The  quadruples  and 
skew  quadruples  are  designed  to  accommodate  the  space-charge 
tune  shift  at  injection  and  to  control  the  tune  against  inherent 
resonances  and  the  coupling  resonance  of  the  horizontal  and 
vertical  oscillations  over  the  entire  cycle.  Historically  tune 
control  in  the  Booster  has  been  a  difficult  job  because  the  tune 
measurement  is  slow  and  unreliable.  Also,  the  tune 
measurement  and  tune  control  was  not  implemented  in  an 
integrated  system.  The  new  tune  meter  described  here 
measures  both  the  horizontal  and  vertical  tunes  over  the  entire 
energy  ramping  cycle  in  pseudo  real  time.  The  new  architecture 
provides  tune  measurement  and  control  in  an  integrated  system 
with  the  control  system. 

II.  ARCHITECTURE 

Fig.  1  is  a  block  diagram  showing  architecture  of  the  tune 
meter.  A  CAMAC  controlled  sub-system  pulses  the  kicker  at  a 
programmed  frequency,  duration  and  amplitude  to  keep  the 
beam  excited  throughout  the  cycle.  The  (urn-by-turn  beam 
position  analog  signals  for  the  entire  cycle,  after  passing  a 
band-pass  filter  are  captured  and  digitized  in  die  ADC  board-V 
The  data  for  a  whole  cycle  is  moved  to  a  DSP  memory  board 
and  is  Fourier  transformed  into  frequency  spectrum  of 
consecutive  windows.  The  DSP  board  also  finds  amplitudes 
and  positions  of  peaks  in  the  frequency  spectrum.  Alter  this  is 
done  the  results  are  buffered  and  the  system  is  enabled  again  for 


next  beam  cycle.  All  these  activities  are  controlled  by  the 
VME  host  processor,  a  Motorola  VME133XT,  which  is  in 


VMXbus 


Fig.  I  The  tune  meter  system  diagram 

tum  commanded  by  an  interactive  application  program  running 
on  one  of  ACNET  consoles.  Communications  (commands, 
status  information  and  data)  between  the  console  and  the  VME 
crate  are  done  by  the  standard  ACNET  system. 

III.  SOFTWARE 


Two  user  programs  make  die  system  function  as  desired. 
One  is  a  micro-processor  program  which  resides  in  the 
VME133XT  and  die  other  is  a  application  program  in  a  VAX 
console.  Fig. 2  shows  the  basic  How  chart  of  the  micro¬ 
processor  prognun.  The  software  environment  of  the  tune 
meter  consists  of  a  standard  set  of  tasks  for  data  acquisition 
running  under  the  MTOS  operating  system  The  interface 
between  die  sc  standard  tasks  and  the  micro-processor  program 
written  by  the  user  is  a  protocol  called  Object  Oriented 
Communications  (OOC)^.The  console  program  acts  as  a 
master  while  the  micro-processor  program  is  die  slave.  The 
micro  processor  program  performs  sequential  operations 
coordinating  actions  of  all  the  VME  boards:  acquiring, 
processing  and  moving  data  according  to  commands  received 
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from  the  console.  The  menu  driven  console  program  sends 


command  settings  and  reads  status  or  data  from  the  micro¬ 
processor  program.  Thus,  the  console  program  has  access  to 
control  devices  so  it  can  control  the  kickers  for  tune 
measurements  and  change  correction  quadruples  strength 
setting  to  excise  tune  control  over  the  cycle. 

IV.  RESULTS 

The  tune  meter  is  now  being  used  regukirly  for  measuring 
tune  and  chromaticity.  Shown  in  Fig.  3  are  on-line  displays  of 
the  fractional  tune  in  horizontal  plane.  In  Fig.  3-a  about  30 
beam  cycles  were  measured  at  die  same  beam  conditions.  For 
Fig.  3-b,  as  the  beam  intensity  changed  so  did  the  tune.  Fig. 
3-c  shows  the  tune  responding  to  the  changes  in  rainping 
current  in  die  correction  quadruples.  For  these  measurements, 
the  beam  was  kicked  every  I  millisecond  or  about  every  530 
turns,  the  high  voltages  applied  to  (lie  single  turn  kicker 
magnet  was  about  .5  KV  at  the  beginning  of  cycle  and  1 .5  KV 
at  die  end.  With  such  kicker  strength  (about  .87  Gauss  at  the 
beginning  and  2.57  at  the  end)  the  effect  on  the  beam 
transmission  throughout  die  cycle  is  negligible  For  each  cycle 
of  data  (about  20000  turns),  the  DSP  did  the  Fourier 
Transformations  40  times,  each  time  512  words  to  give  one 


tune  measurement.  The  system's  dead  lime,  when  operated 
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under  these  conditions,  is  about  one  third  of  a  second  during 
which  the  DSP  is  processing  data  and  the  ADC  is  prohibited 
data  taking  for  next  beam  cycle.  While  there  are  rooms  for 
further  optimizations,  the  quality  of  tune  measured  and  speed 
of  the  measurements  as  shown  are  practically  good  enough  for 
both  tune  measurements  and  controls 

Fig  4  shows  horizontal  chromaticities  throughout  a 
Booster  cycle,  containing  data  for  seven  RPOS  (a  low  level 


Fig.  4  On-line  display  of  chromaticities. 


RF  program  that  controls  radial  beam  position)  curve  sellings. 
One  notice  that  the  data  for  two  RPOS  curve  settings  at 
extreme  are  standing  apart  from  the  rest.  This  is  clearly  an 
effect  of  higher  order  multiple  fields  where  the  beam  were 
positioned.  In  a  regular  diagnostic  measurement  of 
chromaticity  we  need  only  take  data  for  two  RPOS  curve 
settings,  both  me  near  normal  orbits  but  one  offset  from  the 
other. 
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Abstract 

The  Tektronix  3052  DSP  System  contaias  a  26MHz  A/D 
converter  and  1024  parallel  digital  bandpass  filters.  It  allows  a 
10MHz  wide  spectrum  to  be  viewed  as  a  function  of  time 
with  a  maximum  update  rate  of  1  spectrum  per  200ps.  This 
paper  will  illustrate  the  uses  and  limits  of  the  device  for  the 
Fermilab  Booster  in  applications  such  as  tune  measurement 
and  coupled  bunch  mode  diagnostics. 

I.  INTRODUCTION 

This  paper  discusses  the  application  of  the  Tektronix 
3052  DSP  System  on  the  Fermilab  Booster.  The  system 
provides  a  solution  to  many  of  the  problems  associated  with 
tune  and  coupled  bunch  mode  instability  measurements  of  the 
Booster. 

The  Booster  is  a  medium  energy  synchrotron  accelerator. 
It  accelerates  a  200MeV  proton  beam  to  8GeV  where  it  is 
injected  in  to  the  Main  Ring.  The  RF  accelerating  voltage 
must  ramp  from  a  frequency  of  30MHz  to  53MHz  in  a  cycle 
time  of  33ms.  The  non-linear  frequency  ramp  has  a  peak 
slope  of  2GHz/s  near  the  beginning  of  the  cycle. 

Because  of  the  fast  frequency  ramp,  many  of  the  standard 
methods  for  measuring  tunes,  chromaticities,  and  instabilities 
cannot  be  used  on  the  Booster.  A  spectrum  analyzer  cannot 
sweep  fast  enough  to  see  the  Booster  RF  cycle,  let  alone  see  a 
change  in  tune.  A  digital  scope  with  FFT  capability  only  has 
enough  memory  to  catch  a  small  time  window.  It  will  not 
show  a  change  in  the  frequency  component  as  a  function  of 
time  in  the  Booster  cycle. 

Before  the  3052  was  available,  the  only  way  to  measure 
tunes  in  the  Booster  quickly  was  with  a  custom  system[l]. 
The  system  is  fast,  but  it  is  not  very  flexible  once  the 
hardware  and  programming  are  completed.  The  3052  offers  a 
fast,  more  flexible  system  to  measure  tunes  and  coupled 
bunch  modes. 

II.  TEK  3052  FUNDAMENTALS 


A.  Functional  Block  Diagram 

The  functional  block  diagnun  of  the  3052  is  shown  in 
Figure  1  [2].  A  10MHz  low  pass  filter  band  limits  the  input 
signal.  The  signal  enters  a  variable  amplifier  and  attenuator 
before  being  over  sampled  by  a  26.5MHz  A/D  converter. 
This  digital  data  is  split  1024  ways  and  enters  a  digital  filter 
bank.  The  data  from  the  filters  is  processed  and  relayed  to 
the  monitor. 


*Operated  by  the  University  Research  Association,  Inc.  under 
contract  with  the  U.S.  Department  of  Energy. 


Figure  1 .  Tektronix  3052  Block  Diagram 

The  data  may  also  be  processed  by  the  monoboard 
computer.  This  computer  operates  under  a  UNIX  operating 
system,  and  it  can  store  data  and  C  programs  in  its  memory. 
Thus,  a  user  can  customize  the  data  processing  for  each 
particular  application  of  the  system  by  calling  an  application 
program  stored  on  disk. 

B.  Specifications 

Table  1  shows  some  of  the  important  specifications 
associated  with  theTek  3052  [3], 

III.  BOOSTER  TUNE  MEASUREMENTS 

A.  Front  End 

A  .stripline  pickup  detects  the  transverse  position  of  the 
Booster  beam  signal,  and  the  difference  signal  is  input  in  to 
the  Tek  3052.  The  detector  attenuates  the  first  10  MHz  of 
beam  signal  because  of  its  frequency  response.  To  increase 
the  signal  level,  the  pickup  signal  is  mixed  with  the  RF  signal 
from  the  VCO.  This  allows  the  3052  to  see  llie  first  10MHz 
after  the  first  RF  harmonic,  which  has  a  higher  pickup 
response. 

The  dynamic  range  of  the  input  signal  is  very  large.  The 
RF  component  of  the  be;un  signal  is  more  titan  60dB  greater 
than  the  betatron  frequency  component.  An  extra  10  MHz 
bmidpass  tiller  was  added  to  the  front  of  the  3052.  because  its 
internal  filter  does  not  roll  off  fast  enough  to  keep  the  RF 
component  from  aliasing  in  to  die  frequency  b;uid. 


(F7803- 1 203- 1/93S03.006 1993  TREE 


2231 


B.  Triggering 

Booster  beam  is  injected,  accelerated,  and  extracted  in  a 
period  of  33ms,  and  the  video  update  rate  of  the  3052  is  up  to 
350ms.  Therefore,  the  data  for  a  Bixister  cycle  must  be  t;tken. 

Table  1 


convenient  for  data  in  storage  rings  (4 J  because  changes 
happen  very  slowly.  None  of  these  tmxles  are  convenient  for 
triggering  data  acquisition  in  the  Bixisier  because  of  the  quick 
cycle  time  and  multiple  frames.  Thus,  a  custom  application 
program  triggers  the  3052  to  take  a  block  of  spectrum 
measurements  for  33ms  at  the 
maximum  rate  of  5  kHz. 


Span  Related  Characteristics 


Span 

Bin  Width/ 
Resolution 
Passband 

(0  05  dB 
Bandwidth) 

Spectral  Frame 

L 

Spectral 
Frame  Rate 

/ 

Resolution 

Passband 

Sensitivity 
@  1  MHz 

Interval 

Rate 

dBm 

dBv 

dBmV 

10  MHz 

12.5  kHz 

200  ns 

5  kHz 

0.4 

-107 

-120 

-60 

5  MHz 

6  25  kHz 

200  ps 

5  kHz 

0.8 

-110 

-123 

-63 

2  MHz 

2.50  kHz 

200  ms 

5  kHz 

2.0 

-114 

-127 

-67 

2  MHz 

1  25  kHz 

200  ms 

5  kHz 

4.0 

-117 

-130 

-70 

500  kHz 

625  Hz 

200  ms 

5  kHz 

8.0 

-120 

-133 

-73 

200  kHz 

250  Hz 

1  ms 

1  kHz 

4.0 

-124 

-137 

-77 

100  kHz 

125  Hz 

1  ms 

1  kHz 

8.0 

-127 

-140 

-80 

50  kHz 

62.5  Hz 

1  ms 

1  kHz 

16.0 

-130 

-143 

-83 

20  kHz 

25  Hz 

5  ms 

200  Hz 

8.0 

-134 

-147 

-87 

10  kHz 

12.5  Hz 

5  ms 

200  Hz 

16.0 

-137 

-150 

-90 

5  kHz 

6.25  Hz 

5  ms 

200  Hz 

32.0 

-140 

-153 

-93 

2  kHz 

2.5  Hz 

25  ms 

40  Hz 

16.0 

-144 

-157 

-97 

1  kHz 

1 .25  Hz 

25  ms 

40  Hz 

32.0 

-147 

-160 

-100 

C.  Processing 

( )nce  the  bhx:k  of  data  is  stored  in 
memory,  the  data  may  be  pnxxssed  in 
any  format  the  user  desires.  A  C 
program  processes  the  raw  data  from 
the  tune  measurements  by  shifting  the 
frequency  of  each  frame.  The  program 
uses  a  set  function  to  determine  the 
frequency  shift  as  a  function  of  time  in 
the  Booster  cycle.  An  example  of 
vertical  tune  measurement  and 
pressing  is  shown  in  Figure  3. 

IV.  COUPLED  BUNCH  MODE 
MEASUREMENTS 

Another  application  of  the  Tek 


Maximum  Dynamic  Range  without  Distortion  =  58dB 
Total  Dynamic  Range  with  Front  End  =  183dB 

stared  in  memory,  and  displayed  at  some  time  after  processing 
is  complete.  A  trigger  is  required  to  synchronize  the  start  of 
data  acquisition  with  the  start  of  the  Booster  cycle. 

The  3052  has  three  triggering  modes  for  data  acquisition: 
start/stop,  single,  and  continuous.  The  continuous  mode  is 


3052  is  the  measurement  of  the 
amplitude  and  growth  rate  of  coupled 
bunch  modes.  The  3052  spectro¬ 
gram/spectrum  analyzer  mode  measures 
the  coupled  bunch  modes  in  the  Booster  using  the  same 
triggering  scheme  developed  for  tune  measurements.  In  this 
display  mtxle,  the  spectrum  analyzer  plot  represents  one  frame 
of  the  spectrogram,  and  the  frame  displayed  is  set  by  the 
spectrogram  marker.  By  adjusting  the  time  coordinate  of  the 


Figure  3.  Pnx/essed  vertical  tune  measurement  in  spectrognun  display  inixle. 
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spectrogram  marker,  the  change  in  coupled  hunch  mode 
amplitude  can  be  seen  on  the  spectrum  analyzer  plot. 

A  more  convenient  way  to  view  the  growth  of  the 
coupled  bunch  mode  is  to  look  at  a  collection  of  spectrum 
analyzer  plots.  The  3052  has  a  waterfall  display  mode 
illustrated  in  Figure  4  which  gives  a  three  dimensional  plot  of 
time,  amplitude,  and  frequency.  This  format  gives  a  better 
indication  of  the  growth  rate  of  the  coupled  bunch  mode. 

Unfortunately,  because  of  the  10MHz  bandwidth  limit  of 
the  3052,  less  than  half  of  the  possible  modes  are  displayed. 
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Abstract 

Transient  waveform  digitizers  are  used  to  measure  the 
tunes  in  the  Stanford  Linear  Collider  (SLC)  damping  rings. 
Since  the  beam  injection  and  extraction  from  these  rings  occurs 
at  a  high  rate  (120  Hz)  and  because  of  the  stringent  extracted 
beam  stability  requirements,  simpler  asynchronous  resonant 
excitation  spectrum  analyzer  measurements  are  not  possible. 
The  beam  position  monitor  signals  are  processed,  digitized, 
and  a  Fast  Fourier  Transform  (FFT)  is  applied  to  find  the  tunes. 
The  coherent  beam  motion  at  injection,  even  though  it  damps 
quickly,  is  large  enough  to  provide  a  strong  tune  signal. 
Recently,  this  technique  has  also  been  applied  to  several  longi¬ 
tudinal  signals  [1].  The  results  from  these  monitors  are 
recoded  at  six-minute  intervals  in  the  SLC  control  system  his¬ 
tory  buffers  [2].  This  paper  will  describe  the  hardware  setup 
and  the  software  used  to  process  the  data,  and  will  present 
some  of  the  results. 

I.  INTRODUCTION 

In  the  Stanford  Linear  Collider  (SLC)  two  damping  rings 
are  used  to  achieve  smaller  beam  emittances  through  radiation 
damping.  The  rings  are  both  35  m  in  circumference  and  oper¬ 
ate  at  an  energy  of  1.21  GeV.  During  normal  running,  beams 
are  injected  and  extracted  at  120  Hz. 

The  Damping  Rings  tum-by-tum  monitor  (Fig.  1)  is  a 
modular  digital  signal  processor  system,  using  off  the  shelf 
CAMAC  modules,  and  driven  by  the  MATLAB  [3)  software 
package.  It  was  originally  installed  to  measure  the  ring  tunes, 
but  has  recently  been  expanded  to  analyze  other  signals 
as  welL 

H.  HARDWARE 

The  signals  originate  from  four  Beam  Position  Monitor 
(BPM)  stripline  detectors  that  are  oriented  at  45°  with  respect 
to  the  horizontal  and  vertical  planes,  and  are  brought  out  of  the 
vault  by  four  equally  timed  1/2-inch  heliax  cables.  These 
signals  are  combined  in  hybrid  junctions  to  produce  horizontal 
and  vertical  difference  signals,  AX  and  AY,  as  well  as  a  sum 
signal  (TM1T).  Amplification  or  attenuation  is  provided  by  a 
LeCroy  6103  programmable  CAMAC  amplifier.  The  resulting 
beam  position  signals  are  digitized  and  recorded  at  each  turn 
by  DSP  Technology  2008  transient  waveform  digitizers.  The 
digitizers  receive  a  clock  pulse  at  each  ring  turn  from  a  SLAC 
built  Programmable  Synchronization  Unit  (PSU),  and  they 
record  data  with  eight  bit  resolution  for  up  to  8192  turns.  The 
clock  is  timed  so  that  only  one  of  the  stored  bunches  per  turn  is 
recorded.  Hie  stored  data  is  then  read  by  the  VAX  computer 
and  processed  using  the  MATLAB  software  package  to  pro¬ 
duce  the  FFT  plots. 

*  Work  supported  by  Department  of  Energy  contracts  DE- 
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Figure  1.  Block  diagram  of  the  Damping  Rings  tum- 
by-tum  monitor. 


HI.  SOFTWARE 

The  software  used  to  process  the  data  presented  in  this 
document  is  a  prototype  system  that  uses  several  existing  soft¬ 
ware  packages.  To  run  the  program,  the  user  signs  on  to  the 
VAX  computer  that  is  used  to  control  the  SLC  and  calls  up 
a  MATLAB  program  named  “turns.’*  This  program  is  menu- 
driven  and  allows  the  user  to  select  from  several  options,  such 
as:  set  amplifier  gains,  select  north  or  south  ring,  take  data,  cal¬ 
culate  FFT,  or  print  plots.  An  on-line  help  facility  is  also  avail¬ 
able.  The  MATLAB  program  then  calls  FORTRAN  and  other 
routines  that  control  and  read  the  hardware. 

Recently,  some  of  this  software  has  been  rewritten  and 
integrated  into  the  SLC  control  system.  The  new  software 
makes  better  use  of  computer  time  and  has  a  much-improved 
user  interface.  It  is  easily  accessed  by  the  SLC  operators  on 
the  SLC  console  touch  panels  and  displays. 

IV.  RESULTS 

Figures  2  and  3  show  the  time  domain  and  frequency 
domain  (FFT)  plots  of  typical  data  in  the  horizontal  plane. 


South  Damping  Ring 


Figure  2.  Raw  data  in  the  horizontal  plane  showing  both 
the  betatron  tune  and  the  lower  frequency  synchrotron  tune. 
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Frequency  Spectrum  of  South  Damping  Ring 
Horizontal 


Frequency  Spectrum  of  North  Damping  Ring 
Horizontal 


Figure  3.  Fast  Fourier  Transform  (FFT)  of 
the  horizontal  data  showing  peaks  at  both 
the  betatron  tune  and  the  synchrotron  tune. 

The  strong  synchrotron  oscillations  immediately  after  .  injec¬ 
tion  are  readily  apparent  The  FFT  of  the  data  was  taken  from 
turn  200  through  1223  to  somewhat  suppress  the  strong 
sychrotron  line  on  the  frequency  domain  plot,  see  Figure  3. 

The  vertical  axis  in  Figure  2  is  in  volt,  where  20  mV  repre¬ 
sents  approximately  760  pm.  In  Figure  3  the  five  highest  points 
are  labeled.  The  MATLAB  routine  allows  choice  of  the  number 
of  points  to  be  labeled. 

Figures  4  and  3  illustrate  the  effectiveness  of  the  system 
during  startup,  before  stable  beams  have  been  established.  This 
is  a  useful  diagnostic  tool  in  the  event  of  a  difficult  startup. 

During  routine  running,  one  of  the  quantities  that  it  is 
important  to  monitor  is  Damping  Ring  transmission,  or  how 
much  of  the  injected  beam  makes  it  through  the  ring.  Figure  6 
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Figure  4.  Raw  data  at  the  start  of  the  cycle 
when  less  than  100  turns  had  been  achieved. 


Figures.  FFT  of  the  data  illustrating  the  systems 
ability  to  measure  tunes  when  less  than  100  turns  is 
available. 

shows  a  plot  of  the  response  of  a  fast  toroid  installed  in  die 
south  Damping  Ring  indicating  losses  in  early  turns. 

Figure  7  is  an  example  of  one  of  the  longitudinal  signals 
that  have  been  digitized.  This  data  is  derived  from  a  BPM  sum 
signal  that  is  proportional  to  the  inverse  of  the  bunch  length. 
Precompression  of  the  bunch  length  is  accomplished  using  a 
so-called  “bunch  muncher"  that  shock  excites  a  bunch  length 
oscillation  by  modulating  the  rf  amplitude  [4].  The  timing  is  set 
so  that  a  minimum  bunch  length  occurs  just  before  extraction. 
The  data  in  Figure  7  clearly  shows  extraction  occurring  after 
the  minimum  bunch  length  has  occurred. 

Figure  8  shows  a  history  buffer  plot  of  the  tunes  and  TMTT 
for  a  24  hour  period.  The  value  of  the  tune  recorded  in  the  his¬ 
tory  buffer  is  computed  by  a  MATLAB  routine  that  searches 
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Figure  6.  Measurement  of  beam  loss  in  early  turns 
using  a  fast  toroid. 
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Figure  7.  Data  representing  inverse  bunch 
length  just  before  extraction  derived  from 
a  BPM  sum  signal. 

for  the  highest  peak  within  a  specified  range  in  the  FFT  data. 
The  many  routines  available  in  MATLAB  make  it  easy  to 
choose  and  record  in  the  history  buffer  the  desired  values  from 
the  digitized  data. 

Future  plans  for  the  system  include  adding  the  capability 
of  synchronous  data  aquisition  with  other  signals  so  that  corre¬ 
lations  can  be  made  to  diagnose  sources  of  machine  jitter. 
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I.  INTRODUCTION 

The  APS  system  will  contain  three  rings.  The 
first  is  a  positron  accumulator  ring  (PAR).  Its  function 
is  to  coalesce  24,  30-ns-long  positron  bunches  into  one 
290-ps  bunch.  The  second  is  the  injector  synchrotron 
(IS).  It  accelerates  the  450-MeV  positron  bunches  to  7 
GeV  for  injection  into  the  storage  ring  (SR).  Five  IS 
bunches  are  accumulated  into  one  SR  bucket  to 
produce  17.5-nC,  60-ps  bunches.  Twenty  buckets  will 
be  filled  in  the  SR  to  give  a  current  of  100  mA. 
Additional  important  tune  measurement  related 
parameters  for  the  three  rings  are  shown  in  Table  1. 

Table  1.  Various  Tune  Related  Frequencies 


PAR 

IS  (7  GeV) 

SR 

R.F.  (MHz) 

9.7757 

351.93 

351.93 

Revolution  (kHz) 

9775.7 

814.3 

271.5 

Fractional  Tune  (kHz) 

X 

1662 

620 

60 

y 

2121 

652 

81.5 

z 

19.0/60.2 

21.2 

1.96 

Line  Width  (Hz) 

X 

96 

741 

220 

y 

78 

741 

220 

z 

136 

1481 

440 

II.  SYSTEM  DESCRIPTION 

Betatron  and  synchrotron  motion  frequently 
occurs  in  circular  machines,  without  any  deliberate 
excitation.  However,  the  amplitudes  of  this  motion 
cannot  be  predicted.  Therefore,  it  is  desirable  to  have 
controlled  ways  to  excite  these  modes. 

Two  types  of  devices  will  be  used  to  excite  the 
beam.  One  will  be  a  magnetic  kicker  or  bumper.  All 
rings  already  have  these  devices  planned  for  the 
horizontal  direction  for  injecting  and  extracting  beams. 
Some  of  these  magnets  will  be  used  for  exiting 
horizontal  betatron  motion.  In  the  storage  ring,  a 
special  kicker  will  be  installed  to  produce  up  to  1  mm 
amplitude  motion  in  the  vertical  direction. 


*Work  supported  by  the  U.S.  Department  of  Energy, 
Office  of  Basic  Energy  Sciences,  under  Contract  No.  W- 
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Two  8.4-in  striplines  (SL)  (1/4  wavelength  at  352 
MHz)  will  be  installed  on  all  rings.  One  stripline  in 
each  ring  will  be  used  to  drive  all  three  tunes,  and  the 
other  stripline  will  be  used  as  a  pickup.  In  the  PAR 
and  IS,  the  pickup  stripline  will  be  in  a  dispersive 
region.  This  will  allow  observation  of  both  betatron 
and  synchrotron  motions.  In  the  SR,  the  stripline  will 
be  in  a  nondispersive  region  because  it  is  not  practical 
to  install  it  in  a  dispersive  region.  To  do  synchrotron 
tune  measurements  in  the  SR,  one  of  the  button  BPMs 
located  in  a  dispersive  region  will  be  used. 

Figure  1  shows  the  drive  circuit  for  the  stripline. 
The  biphase  modulators  will  control  the  phase  of  the 
signal  applied  to  the  stripline.  When  all  lines  are  in 
phase,  the  synchrotron  tune  can  be  excited.  For  x- 
betatron  tune,  the  left  pair  of  strips  will  be  180'  out  of 
phase  with  the  right  pair  and  for  y-tune,  the  top  and 
bottom  pair  will  be  out  of  phase.  The  amplifiers  will 
be  500  mW  for  the  PAR  and  25  W  for  the  IS  and  SR. 


From 

Fig.  Z  wino 


Figure  1.  Stripline  Driver  Circuit 


To  minimize  development  effort,  as  much  of  the 
BPM  system  electronics  as  possible  will  be  used  in  the 
tune  measurement  system  [1].  The  BPM  electronics 
uses  the  AM/PM  conversion  technique.  This  system 
operates  at  352  MHz.  Thus,  tune  measurement 
components  were  also  designed  to  operate  at  352  MHz. 

The  two  parts  of  the  BPM  system  used  here  are 
the  filter  comparator  (FC)  and  the  monopulse  receiver 
(MR).  The  FC  inputs  are  the  four  beam  pickup 
outputs.  Hybrids  are  used  to  generate  two  signals 
proportional  to  the  x  and  y  beam  displacement  and  the 
charge.  A  third  signal  is  proportional  to  the  total 
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charge.  These  signals  are  passed  through  matched 
352-MHz  filters  of  10  MHz  width.  The  filters  are 
nearly  phase  constant  over  about  20  MHz.  The  MR 
converts  these  signals  to  a  position  signal  which  is 
independent  of  charge  and  depends  on  position  only. 
A  stable  position  signal  exists  at  the  monopulse 
receiver  output  for  about  100  ns. 

If  the  beam  is  exactly  in  the  center  of  the  position 
pickup  and  the  pickups  are  perfect,  the  filter 
comparator  difference  outputs  would  be  zero.  In  the 
real  system,  one  expects  offsets.  This  can  make 
synchrotron  motion  tune  measurements  difficult. 
TTius,  for  tune  measurement,  the  BPM  filter 
comparators  will  be  modified  with  a  3-db  voltage- 
controlled  attenuator  in  each  of  the  input  signal  lines. 
These  will  be  adjusted  to  minimize  the  offsets  such 
that  the  beam  always  appears  to  oscillate  near  the 
center  of  the  pickup. 

Figure  2  shows  the  pickup  system  for  the  PAR. 
This,  combined  with  components  of  Fig.  1,  constitutes 
the  entire  PAR  tune  measurement  system.  The  IS 
system  is  the  same,  except  that  there  will  be  two 
digital  signal  processors  (DSPs)  and  the  network 
analyzer  (NWA)  will  be  an  HP8711A.  The  SR  system 
will  be  the  same  as  the  PAR  system  except  that  the 
pickup  device  will  be  switchable  between  the  stripline 
and  a  button. 


III.  OPERATION 

Each  tune  measurement  system  will  have  several 
modes  of  operation.  In  one  mode  the  spectrum 
analyzer  will  be  used  to  look  at  bands  inside  the  pass- 
band  of  the  352-MHz  filters.  The  beam  could  be  self- 
excited;  it  could  be  excited  using  the  FM  modulated 


signal-generator,  or  the  magnetic  pinger  could  be 
activated.  The  IS  acceleration  time  is  250  ms,  and 
magnet-related  tune  constants  are  about  25  ms.  Thus, 
this  mode  is  not  available  in  the  IS  during  acceleration 
because  no  spectrum  analyzer  seems  to  be  able  to 
capture  spectra  in  25  ms  or  so. 

A  second  mode  of  operation  uses  the  network 
analyzer.  In  the  IS,  the  HP8711A  NWA  will  be  able  to 
take  spectra  over  a  100-kHz  span  in  20  ms.  However, 
it  takes  over  60  ms  to  read  this  information  out,  so  no 
real  time  measurements  can  be  made.  However, 
different  20-ms  sections  of  the  acceleration  process  can 
be  observed  during  successive  IS  cycles.  Thus,  a  tune 
history  can  be  generated  in  a  few  seconds. 

The  last  mode  of  operation  is  the  time  domain 
mode.  In  this,  the  position  of  a  bunch  is  observed  on 
every  revolution  and  recorded  in  memory.  After 
sufficient  data  is  collected,  a  digital  signal  processor 
does  a  fast  Fourier  transform  (  FFT),  finds  peaks,  and 
passes  the  results  on  to  the  control  system.  In  the  IS, 
two  DSPs  will  be  able  to  obtain  all  tune  frequencies 
every  20  ms.  The  excitation  methods  will  be  the  same 
as  for  the  spectrum  analyzer  mode. 

Table  1  can  be  used  to  predict  what  a  network  or 
spectrum  analyzer  will  see.  The  filter  comparator 
limits  signals  to  about  40  MHz  around  352  MHz.  In 
the  PAR,  there  will  be  five  revolution  frequency  lines 
in  this  band.  These  will  be  suppressed  as  much  as 
possible  by  the  attenuations  in  the  filter  comparator. 
In  the  x-direction  above  and  below  these,  there  will  be 
one  or  more  synchrotron  lines  separated  by  19  or  60.2 
kHz.  Whether  it  is  19  or  60.2  depends  on  whether  the 
12th  harmonic  bunching  cavity  in  the  PAR  is  off  or  on 
[2).  Above  and  below  each  revolution  line  there  will 
be  an  x-betatron  line  1.662  MHz  away.  In  y  motion 
there  will  be  a  line  2.121  MHz  away.  The  synchrotron 
line  widths  will  be  136  Hz  and  the  betatron  width  will 
be  96  Hz  in  the  PAR.  The  IS  and  SR  will  have  similar 
spectra,  except  that  the  line  densities  will  be  higher. 

The  time  domain  measurement  with  FFT 
effectively  down  converts  the  spectra  to  base  band, 
without  losing  the  advantageous  signal-to-noise  ratio 
of  working  at  352  MHz.  Half  the  sampling  rate  is  the 
highest  frequency  one  will  be  able  to  observe.  Since 
the  sampling  rate  is  °qual  to  the  revolution  frequency, 
one  will  need  to  cont.  id  with  only  me  betatron  line  for 
each  of  x  and  y,  and  only  one  synchrotron  band.  The 
frequency  resolution  will  be  determined  by  the 
observation  time.  Thus,  a  10-ms  observation  time  will 
yield  100  Hz  resolution.  This  should  be  adequate  for 
most  measurements. 

Table  2  shows  expected  difference  output  power, 
voltage,  and  displacement  at  the  tune  measurement 
pickup  sensor  for  the  stated  input  power  at  the  driver 
stripline.  It  is  assumed  that  the  driving  frequency  is 
near  352  MHz  and  corresponds  to  the  exact  frequency 
of  one  of  the  fractional  tune  lines  discussed  above.  The 
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stated  output  power  is  that  of  the  difference  signal 
from  a  lossless  filter  comparator.  The  actual  signal 
will  be  about  20  db  less. 

One  of  the  important  functions  of  the  SR  system 
is  that  it  should  be  able  to  provide  continuous  tune 
monitoring.  It  is  essential  that  the  tune  measurement 
process  should  not  disturb  the  photon  beam 
experiments.  This  is  accomplished  by  keeping 
transverse  beam  motion  below  a  few  microns.  An 
HP4195A  was  evaluated  for  this  purpose.  To  do  this, 
a  crystal  filter  with  8.83  MHz  central  frequency  and 
bandwidth  of  500  Hz  was  put  between  a  down  and  up 
converter  pair.  An  adjustable  oscillator  running  at 
around  343  MHz  drove  one  side  of  each  mixer.  This 
produces  an  effective  500-Hz-wide  filter  with  a  control 
frequency  of  352  MHz.  The  4195  was  used  in  a 
network  analyzer  mode  to  look  at  the  passband  of  this 
filter.  The  4195  was  set  up  for  an  IF  bandwidth  of  100 
Hz  and  a  span  of  80  kHz.  It  took  8.62  seconds  to  make 
a  sweep.  The  power  through  the  passband  was 
adjustable  using  attenuators.  Signal  (S)  was  about 
equal  to  noise  (N)  when  this  power  was  -115  dbm. 
When  a  50  db  amplifier  was  added,  S  =  N  occurred  at 
the  -135-dbm  signal  level. 

Table  2.  Typical  stripline  input  and  resulting  output. 

Pin  =  power  input  per  strip  on  drive  stripline  unit;  Pout, 
Vout  =  power  and  voltage  after  pickup  output  passes  through 
filter  comparator;  X  =  maximum  displacement  amplitude  of 
beam  bunch  at  pickup  sensor.  The  pickup  sensor  is  a 
stripline  everywhere,  except  for  the  longitudinal  SR  results. 


Transverse 

Longitudinal 

PAR 

Pin  (raW,  dbm) 

.1  (-10) 

10(10) 

Pout  (mW,  dbm) 

.09  (-10.5) 

.1  (-10) 

Vout  (mV) 

95100 

X  (pm) 

.97 

1.02 

IS 

Pin  (mW,  dbm) 

10(10) 

25,000  (44) 

Pout  (mW,  dbm) 

5x10 7  (-63) 

1. 26x10'®  (-59) 

Vout  (mV) 

.22.55 

X  (pm) 

13 

21 

SR 

Pin  (mW,  dbm) 

10(10) 

25,000  (44) 

Pout  (mW,  dbm) 

7.14X10"4  (-31.5) 

2.5xl0'7  (-66) 

Vout  (mV) 

8.455.0 

X  (pm) 

16.5 

9.8 

From  Table  1,  for  the  SR  transverse  motion,  .1 
mW  of  drive  power  will  result  in  1.7  pm  beam  motion 
and  -52  dbm  of  signal  power.  Assuming  20-db  loss 
through  the  filter  comparator,  and  a  50-db  gain  before 
the  4195  input,  an  S/N  of  63  db  should  be  obtained. 
For  longitudinal  motion,  2.5  W  of  drive  power  will 
result  in  3  pm  beam  motion  in  the  dispersive  region 


and  an  S/N  of  39  db  on  the  4195.  For  commissioning, 
currents  may  be  1000  times  lower,  but  beam  motion 
can  be  larger.  By  using  narrower  IF  bandwidths  (10 
Hz)  and  averaging,  it  should  be  possible  to  clearly  see 
both  betatron  and  synchrotron  motion. 

The  time  domain  measurement  system  is 
expected  to  be  particularly  useful  in  the  IS.  To  assure 
adequate  beam  motion,  the  FM-modulated  signal 
generator  will  be  used.  It  will  typically  be  swept 
through  200  kHz  every  ms  for  betatron  tune 
measurements.  It  is  clear  that  the  data  of  Table  2  is 
not  directly  applicable.  To  estimate  how  much  power 
will  be  needed,  it  was  assumed  that  the  system  can  be 
represented  as  a  driven  oscillation  with  a  resonant 
frequency  equal  to  the  fractional  tune  frequency.  This 
shows  that  for  a  200-kHz  sweep  around  the  resonant 
frequency,  the  average  beam  motion  amplitude  will  be 
a  factor  of  50  less  than  what  is  shown  in  Table  2.  To 
get  13  pm  of  motion,  2500  times  more  power  will  be 
needed  (or  25  W).  The  single  turn,  noise-related  rms 
error  of  the  monopulse  receiver  system  is  10  pm  when 
the  high  signal  levels  from  striplines  are  used.  In  a 
typical  IS  measurement,  data  will  be  collected  for  10 
ms,  resulting  in  8192  points  and  a  frequency  resolution 
of  100  Hz.  Once  the  FFT  is  done,  the  fractional  error 
at  the  fractional  tune  frequency  will  be  10/(13^8192)  = 
.0085.  Thus,  the  tune  signal  will  be  clearly  visible. 
The  FFT  and  tune  peak  search  will  take  about  10  ms. 
With  two  DSPs  in  the  IS  system,  tune  measurements 
will  thus  be  made  effectively  in  real  time. 

For  synchrotron  motion  in  the  IS,  similar  results 
can  be  obtained  but  the  swept  frequency  will  need  to 
be  over  a  narrower  range.  In  the  PAR,  the  HP4195A 
network  analyzer  will  be  able  to  make  100  Hz 
resolution  tune  measurements  in  one  to  ten  seconds. 
The  time  domain  system  will  be  able  to  collect  10s 
points  in  10  ms,  and  the  FFT  will  take  about  300  ms. 
Thus,  a  tune  measurement  can  be  done  in  310  ms. 
Increased  beam  motion  and  lower  frequency  resolution 
could  be  used  to  decrease  measurement  time  by  an 
order  of  magnitude. 

In  the  SR,  use  of  the  time  domain  method  will 
result  in  a  tune  measurement  about  every  15  ms.  This 
method  would  ordinarily  not  be  used  during  normal 
operation  because  the  resulting  beam  motion  would  be 
excessive  for  the  x-ray  beam  users. 
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Abstract 

The  Los  Alamos  Proton  Storage  Ring  (PSR)  is  a 
compressor  ring  intended  to  accept  1 -msec-long  proton 
macropulses  from  the  LAMPF  linear  accelerator  and 
compress  these  pulses  to  250  nsec  in  length.  Beam  position 
monitor  sensors  of  the  terminated  strip-line  design  centered  at 
200  MHz  are  provided  in  the  transport  line  from  LAMPF,  the 
PSR  injection  line,  the  PSR  ring,  and  the  extracted  beam  line. 
Strip-line  sensors  used  in  conjunction  with  phase  processing 
are  a  good  match  for  linac  transport  lines  and  PSR  injection 
lines  where  there  exists  a  strong  200-MHz  frequency 
component  but  lead  to  difficulties  in  the  ring  and  extracted 
beam  line  where  this  component  tends  to  wash  out  This 
paper  describes  the  development  of  Integrating  Log-Ratio 
processing  techniques,  which  utilize  the  original  strip  line 
sensors  to  achieve  a  major  improvement  in  position 
monitoring  for  the  extracted  beam  line.  The  design  concepts 
are  discussed  and  the  present  hardware  is  described  in  detail. 
Operational  difficulties  encountered  during  the  development 
process  are  discussed  and  actual  beam-related  results  are 
provided. 


I.  INTRODUCTION 

For  the  past  several  years,  various  alternatives  to  the 
existing  201 -MHz  amplitude-to-phase  processing  system  have 
been  investigated.  In  the  PSR  ring,  the  201 -MHz  component 
is  largely  due  to  the  most  recently  injected  beam  rather  than 
stored  beam,  while  the  extracted  beam  lacks  any  appreciable 
201 -MHz  component.  In  both  cases,  the  present  system 
performance  is  questionable.  Many  detectors,  signal 
processing  schemes,  and  position  processing  techniques  have 
been  evaluated  as  possible  replacements  [1],  [2],  [3],  [4],  [5]. 

We  have  placed  the  highest  priority  on  extracted 
beam  monitoring  since  the  operation  of  our  present  system  is 
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least  adequate  in  this  application.  PSR  extracted  beam 
intensity  varies  from  a  few  hundred  milliamperes  in  tune-up 
mode  to  25  amperes  during  production  times  (a  dynamic 
range  of  100:1).  For  extracted  beam  monitoring,  it  makes 
sense  tc  observe  the  total  charge  that  passes  the  sensors.  Our 
most  encouraging  test  results  have  led  to  the  selection  of  an 
integrating  log-ratio  processing  scheme,  which  can  fulfill  both 
of  these  extracted  beam  monitoring  requirements. 

II.  ELECTRODE  SELECTION 

For  economy  and  simplicity,  our  recent  efforts  have 
emphasized  using  the  existing  50-ohm  strip-line  detectors 
along  with  wide-band  signal  processing.  Initially  we  worked 
with  unmodified  pickups.  The  50-ohm  terminated  strip-lines 
have  about  30  pF  of  capacitance  giving  rise  to  a  1.5-nsec 
decay  time  constant  The  PSR  extracted  beam  pulse  is 
approximately  triangular  with  a  base  width  of  250  nsec.  The 
short  time  constant  these  terminated  strip-line  detectors 
exhibit  differentiates  the  relatively  long  beam  signal.  An 
integration  function  is  required  to  recover  the  beam  signal.  To 
observe  the  total  charge  that  passes  the  sensors,  another 
analog  integration  function  is  needed.  The  inherent  low 
frequency  gain  of  these  integrating  stages  enhances  system 
noise  and  limits  the  available  dynamic  range  to  about  10:1. 
Since  a  dynamic  range  in  excess  of  100:1  is  needed  to 
adequately  monitor  the  extracted  beam  position  [6],  a 
decision  was  made  to  modify  the  existing  pickups  by 
removing  the  terminating  resistors  and  padding  the  electrodes 
with  capacitance  to  increase  the  time  constant. 

A  standard  extraction  line  detector  is  modified  by 
removing  its  terminating  resistors  and  adding  500  pF  chip 
capacitors  between  each  of  its  strip  lines  and  ground.  The 
capacitors  are  actually  installed  in  matching  boxes  connected 
to  the  electrode  signal  ports.  This  effectively  creates  a 
capacitive  pickup  that  only  requires  a  single  integration  stage 
in  the  processing  electronics.  Wide-band  (20  kHz  to  30  MHz) 
RF  transformers  are  used  in  a  5:1  voltage  step-down  (25:1 
impedance  ratio)  to  drive  the  existing  50-ohm  coaxial  cables. 
A  series  connected  1200-ohm  resistor  is  inserted  to  provide 
back  termination  in  the  primary  circuit,  resulting  in  a  time 
constant  of  1.25  psec  and  giving  20%  droop  over  the  250- 
nsec  beam  pulse.  In  addition  to  increasing  the  decay  time 
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constant,  the  transformers  help  reduce  the  system  low 
frequency  noise  by  breaking  ground  loops  and  limiting  the 
low-frequency  bandwidth  [7].  A  second  transformer  (wired  in 
step-up  configuration)  is  used  at  the  receiving  end  of  the 
cables  to  boost  the  signals  back  up  to  their  original  levels 
without  degrading  the  signal-to-noise  performance. 


Figure  1:  Integrating  Log-Ratio  Block  Diagram. 


m.  CIRCUIT  DESIGN 

Figure  1  shows  a  block  diagram  of  our  Integrating 
Log-Ratio  beam  position  monitoring  system.  A  small 
matching  box  containing  the  shunting  capacitor,  series 
resistor,  and  cable  matching  transformer  is  placed  at  the 
electrode  signal  output  ports.  Calibrated  test  pulses  may  be 
injected  at  the  electrodes  to  verify  system  integrity  and 
perform  active  system  calibration.  One-hundred-foot-long  50- 
ohm  coaxial  cables  transmit  the  beam  signals  to  the  remote 
processing  electronics.  Each  processor  signal  path  consists  of 
the  following  elements:  a  1:5  step-up  transformer,  a  passive 
RC  integrator,  a  low-noise  gain  stage  (A=10),  a  switchable 
gain  stage  (A=l  or  10),  a  high-slew-rate  track-and-hold 
amplifier,  and  the  log-ratio  processing  circuit.  Hie  track-and- 
hold  circuitry  captures  the  signal  peaks  and  holds  these  data 
for  the  relatively  slow  responding  log-ratio  position 
processors. 


fndkxted  Portion  v*  Input  Aitanucrion 


Figure  2:  Processor  Response  vs  Input  Signal. 


Figure  2  gives  the  response  of  our  processor  to  varying 
input  signal  levels.  The  vertical  axis  is  in  cm  and  the  input 
signal  with  no  attenuation  is  a  3-volt  peak  triangular  pulse 
250  nsec  at  the  base  repeated  at  a  20- Hz  rate.  Adequate 
dynamic  range  is  not  available  from  the  high-sensitivity  range 
alone.  We  have  included  a  low-sensitivity  range  to  allow  for 
future  increases  in  PSR  beam  intensity  and  to  extend  system 
performance  to  cover  the  desired  40-dB  range. 

IV.  HARDWARE  DIFFICULTIES 

We  chose  to  incorporate  a  passive  integrator  in  our 
final  design.  In  an  earlier  design,  we  configured  the  Erst  low- 
noise  amplifier  stage  as  an  AC  active  integrator.  Active 
integrators  offer  improved  accuracy  over  passive  circuitry  but 
are  difficult  to  implement  in  the  high-frequency  high-slew- 
rate  range  (in  excess  of  100  V/psec)  we  operate  in. 

At  low  signal-levels,  the  Log-Ratio  circuits  are  quite 
sensitive  to  noise  and  small  offset  voltages  at  their  inputs.  The 
topology  of  the  signal  processing  section  was  chosen  to 
minimize  noise  and  DC  offset  effects.  The  AD829  High 
Speed,  Low  Noise  Video  Operational  Amplifier  is  used  as  the 
first  gain  stage  because  of  its  excellent  noise  characteristics 
(1.7  nV  and  1.5  pA  /  root  Hertz  at  1  kHz).  AC  coupling  at  the 
track-and-hold  inputs  removes  DC  offsets  from  the  early  gain 
stages  with  no  loss  of  accuracy.  The  pedestal  offset  error 
common  to  fast  track-and-hold  circuits  remains  a  problem. 
Figure  3  shows  the  resulting  output  of  an  ideal  Log-Ratio 
processor  with  a  1-mV  offset  difference  added  to  various 
common  mode  offset  levels  in  the  presence  of  an  equivalent 
1-cm  beam  displacement  signal.  Overall  transfer  gain  has 
been  adjusted  to  match  our  processor  transfer  gain. 


Cha.A-1.gV,  Cha.  B-3.8V 


Figure  3:  Effect  of  Small  Offset  Voltages  at  Log- 
Ratio  Circuit  Inputs. 


Our  search  for  a  fast  track-and-hold  circuit  with  low 
pedestal  offset  initially  led  us  to  the  SHM-30C/HA5330.  This 
is  a  high-slew-rate  track-and-hold  circuit  employing 
monolithic  integrated  circuit  technology  with  an  extremely 
low  pedestal  offset  specification  (0.5  mV).  Bench  testing 
revealed  a  strong  slew-rate  dependence  on  input  signal 
amplitude,  making  this  device  a  questionable  candidate.  We 
replaced  it  with  an  industry  standard  4860  track-and-hold 
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circuit  module,  measured  pedestal  offset  voltages,  and 
corrected  the  resulting  data  to  produce  the  live  beam  results 
of  Figure  4.  These  data  show  apparent  position  shifts  at  the 
lowest  input  signal  region.  The  pattern  repeats  with  changes 
in  beam  position  provided  by  upstream  steering  magnets.  We 
believe  this  to  be  a  real  effect  resulting  from  off-center 
injection  of  just  a  few  beam  bunches  into  the 
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Figure  4:  Beam  Position  Data  with  Offset 
Correction. 

A  second  attempt  to  resolve  the  pedestal  offset 
difficulty  led  us  to  the  SHM-49  track-and-hold  circuit.  This  is 
another  monolithic  integrated  device  offered  as  a  high-slew  - 
rate  low-cost  unit  No  attempt  has  been  made  by  the 
manufacturer  to  balance  the  pedestal  offset  but  an  inverting 
input  is  available  and  a  compensating  charge  may  be  coupled 
through  a  small  capacitor  into  this  input  We  found  the 
compensation  to  be  temperature  dependent  largely  due  to  the 
track-and-hold  circuit  and  chose  a  negative-temperature- 
coefficient  thermistor  configured  as  a  self-regulating  heater  to 
maintain  a  constant  chip  temperature.  While  bench  tests 
yielded  quite  acceptable  results,  live  beam  results  from  three 
production  processors  resulted  in  one  unit  with  unacceptable 
low-level  response. 

Our  present  preferred  track/hold  circuit  choice  is  the 
SHM-45.  This  is  a  version  of  the  4860  with  a  single  hold 
command  input  allowing  the  manufacturer  to  trim  the  circuit 
for  a  typical  pedestal  offset  of  less  than  1  mV.  The  trimming 
is  relatively  insensitive  to  temperature  fluctuations  and  with 
careful  selection  the  SHM-45  will  provide  the  desired  results. 


V.  NOISE  CHARACTERISTICS 

Overall  system  noise  will  ultimately  limit  the  usable 
dynamic  range  of  any  position  processing  system.  Figure  5 
gives  the  measured  noise  characteristics  of  our  processing 
system.  RMS  displacement  data  for  live-beam  and  bench  tests 
for  high-sensitivity  and  low-sensitivity  settings  are  given.  At 


high  input  signal  levels,  the  observed  noise  is  at  the  limits  of 
our  measurement  system. 
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Figure  5:  Processor  Noise  Performance. 


VI.  CONCLUSIONS 

We  have  produced  three  versions  of  our  Integrating 
Log-Ratio  processor.  Tests  with  live  beam  have  been 
encouraging,  resulting  in  an  observed  dynamic  range  in 
excess  of  the  desired  40  dB.  There  remain  some  circuit 
difficulties,  which  we  now  feel  can  be  controlled.  We  are 
constructing  a  full  complement  of  processors  and  plan  a 
complete  conversion  of  the  PSR  extracted  beam  line  in  the 
near  future. 
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Abstract 

A  system  has  been  developed  for  nearly  real-time 
measurement  of  the  coherent  betatron  fractional  tune,  A Q,  in 
the  IUCF  cooler  synchrotron/storage  ring.  This  system 
measures  the  horizontal  and  vertical  beam  position  on  a  tum- 
by-tum  basis  for  beam  currents  in  the  range  from  <  1  /tA  to 
>  1  mA.  A  fast  Fourier  transform  of  this  position  data  is 
performed  by  a  PC-based  DSP  module  at  a  rate  of  10 
measurements  per  second  yielding  the  betatron  fractional  tune. 
This  tune  information  has  been  used  to  modify  ramp 
parameters  in  order  to  minimize  the  tune  shift.  This  paper 
describes  the  ping  tune  system’s  overall  design  principles, 
details  of  the  various  electronics  systems,  and  compares  the 
theoretical  performance  with  the  measured  performance. 

I.  INTRODUCTION 

The  ping  tune  system,  PTS,  was  developed  in  order 

"Work  Supported  by  the  National  Science  Foundation  under  Oranta 
PHY89-1440  and  PHY90- 15957. 


to  allow  the  operators  to  easily  and  quickly  monitor  and 
control  the  betatron  tune[l].  The  previous  tune  measurement 
method,  rf  knockout  [2],  works  well  for  non-ramped  beam;  in 
this  regime  there  is  only  a  single  tune  to  be  measured  and  the 
machine  cycle  time  can  be  made  very  short,  d  1  s.  During 
ramped  beam  operation,  however,  many  measurements  (as  a 
function  of  time)  must  be  m«He  and  die  machine  cycle  time 
can  be  very  long  (>  10  s);  in  this  regime  rf  knockout  is 
excessively  time-consuming. 

A  further  advantage  of  the  PTS  is  that  it  is 
nondestructive  whereas  rf  knockout  is  destructive.  The 
rf  knockout  system  excites  the  beam  with  a  transverse  rf 
electric  field;  when  the  excitation  frequency,  fro,  is  equal  to 
AQ  ±  nfg  where  n  is  an  integer  and  f0  is  the  revolution 
frequency,  betatron  oscillations  with  amplitudes  exceeding  the 
machine  aperture  can  be  excited.  In  practice,  one  varies  ft0 
until  beam  loss  is  observed.  The  PTS  system,  on  the  other 
hand  excites  small  amplitude  betatron  oscillations  which  the 
electron  cooling  system  can  quickly  damp. 

The  IUCF  Cooler  Synchrotron/ Storage  Ring  is 
hexagonal  with  a  circumference  of  86.82  m.  The  relative 
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Figure  1.  The  ping-tune  system  is  used  to  measure  the  betatron  fractional  tune  of  the  IUCF  cooler  synchrotron/storage  ring. 
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momentum  spread  of  the  beam  is  about  ±  0.0001  FWHM. 
The  rms  normalized  emittance  of  the  electron-cooled  proton 
beam  can  be  much  less  than  O.lir  pm.  The  beam  lifetime  can 
be  as  long  as  hours.  A  typical  operation  mode  is  stripping 
injection  and  cooling  accumulation  of  90  MeV  H2+.  The 
revolution  period,  T,  for  45  MeV  protons  is  969  ns 
corresponding  to  an  rf  frequency  of  1.03168  MHz.  The 
typical  full  width  at  half  maximum  beam  time  spread, 
ranges  from  20  ns  to  100  ns.  Beam  currents  range  from  0. 1 
to  1 ,000  n A.  The  bunching  factor,  BF,  defined  as  the  peak 
current  divide  by  the  average  current,  or  »  TITr wm,  can 
range  from  1  for  unbunched  beam,  to  greater  than  50  for 
highly  bunched  beams. 

n.  System  description 

The  PTS  consists  of  six  major  subsystems  (Fig.  1): 
(1)  the  front-end  electronics,  (2)  the  automatic  level  control 
(ALC)  with  signal  conditioning,  (3)  the  sample  and  hold  (S/H) 
module,  (4)  the  phase-lock-loop  (PLL),  (5)  the  transient 
recorder  (TR)  and  (6)  the  digital  signal  processor  (DSP). 

The  front-end  electronics  consists  of  one  horizontal 
and  one  vertical  beam  position  monitor  (BPM)  electrode  and 
amplifier  [3].  The  BPM  electrodes  are  diagonally  split 
cylinders.  The  electrode  amplifiers  produces  two  signals:  one 
proportional  to  the  beam  linear  charge  density,  and  the  other 
proportional  to  the  product  of  the  beam  linear  charge  density 
and  position  relative  to  the  center  of  the  pickup.  The  first 
stage  amplifier  determines  the  system  noise  level;  the 
electrode  length,  electrode  and  cable  capacitance,  and  the 
intensity,  velocity  and  BF  of  the  beam  determine  the  system 
signal  level.  We  have  evaluated  both  high  input  impedance 
field  effect  transistor  (FET)  buffer  amplifiers  and  50  Q  input 
bipolar  junction  transistors  (BJT)  amplifiers  for  this 
application.  An  FET  input  buffer  amplifier  was  chosen  as  the 
first  stage  amplifier  for  this  system  because  of  the  better  low 
frequency  response  important  for  the  relatively  long  (  *  40  ns) 
Tfwhm  encountered  '  iost  often  in  machine  operations. 

The  dynamic  operating  range  is  extended  through  the 
use  of  a  solid  state  ALC.  The  heart  of  this  circuit  is  a 
C 1X520  wideband  amplifier  [4]  with  voltage-controlled  gain. 
The  CLC520  has  a  160  MHz  small  signal  bandwidth,  0.5 
degree  linear  phase  deviation  (to  60  MHz)  and  0.04%  signal 
nonlinearity  at  4  \Tr  output.  The  peak  detected  beam  intensity 
signal  is  used  as  the  feedback  signal  in  a  loop  which  maintains 
a  constant  output  level  with  varying  input  levels.  This  same 
intensity  feedback  is  also  used  to  control  the  gain  of  the 
position  signal.  A  dynamic  range  of  over  55  dB  has  been 
obtained  using  this  circuit,  corresponding  to  a  beam  intensity 
variation  of  close  to  10,000  since  for  electron-cooled  space- 
charge-dominated  beams,  BF  —  \ltn  [5], 

After  the  ALC,  the  short  pulses  (20  -  100  ns  in 
length)  are  peak-detected  by  an  active  operational  amplifier 


using  a  resistor  in  parallel  with  a  capacitor  (RC)  in  the 
feedback  to  stretch  the  pulse.  Errors  due  to  jitter  and  drift  in 
the  S/H  timing  signals  are  reduced  by  sampling  this  stretched 
pulse,  rather  than  the  veiy  short  unprocessed  signals. 

A  CLC940  fast  sampling,  wideband  track  and  hold 
amplifiers  [4]  is  used  to  capture  and  hold  both  the  intensity 
and  position  signals.  This  component  has  proven  to  be  both 
reliable  and  easy  to  use.  The  CLC940  has  a  150  MHz  small 
signal  bandwidth  and  a  12  ns  track-to-hold  time.  The  hold 
clock  is  derived  from  a  rf  cavity  sample  clock  which  has  been 
locked  in  phase  to  the  beam  signal.  This  provides  a  reliable 
clock  signal  even  with  very  low  beam  currents. 

The  PLL  is  necessary  in  order  to  track  a  single  beam 
bunch  as  the  beam  energy,  and  consequently  velocity  and  thus 
frequency,  is  changed.  The  changing  frequency  results  in  a 
phase  shift  due  to  non  phase-matched  cables.  It  is  important 
to  sample  the  BPM  signal  near  its  maximum  amplitude  during 
this  energy  ramping  process.  The  PLL  locks  the  trigger  and 
beam  signal  by  shifting  the  phase  of  the  rf  cavity  sample  clock 
in  order  to  keep  the  relative  phase  near  90  degrees  at  all 
times.  By  locking  the  trigger  circuitry  in  phase  to  the  beam 
signals,  no  adjustments  are  required  with  varying  beam 
velocity,  bunching  factor  (the  beam  must  be  bunched)  or 
intensity.  This  enables  tune  measurements  to  be  made  during 
the  acceleration  process  where  the  beam  velocity  can  change 
by  over  a  factor  of  two. 

The  cooler  ring  revolution  frequency  can  range  from 
1  to  2.5  MHz  corresponding  a  beam  energy  ranging  from  45 
to  415  MeV.  In  order  to  digitize  at  these  rates  a  high-speed 
TR  is  used.  The  DSP  Technology  Inc.  2012  TR  [6]  has  12 
bit  resolution,  8k  memory,  and  can  sample  at  rates  up  to 
10  MHz.  Once  the  TR  buffer  is  full,  the  digitized  data  is 
replayed  at  a  100  kHz  rate  into  a  Spectrum  TMS320C30  Real- 
Time  System  DSP  board  [7].  The  DSP  board  performs  a 
1024  point  fast  fourier  transform  (FFT),  which  yields  the  tune 
information.  A  voltage  proportional  to  the  tune  is  than  output 
by  the  DSP  board.  This  information  is  displayed  on  the 
cooler  control  console  as  well  as  on  a  digital  oscilloscope  for 
observation  during  a  cooler  ramp  cycle. 

The  DSP  board  resides  in  a  personal  computer  (PC). 
All  software  changes  can  be  made  and  complied  on  the  PC. 
The  C  programming  language  is  used  along  with  a  set  of 
SPOX  application  programming  interface  (API)  high-level 
functions  [8],  Using  the  provided  high-level  functions, 
complex  operations  such  as  FFT’s  become  trivial  one  line 
function  calls.  The  DSP  board  is  a  user-friendly  system 
requiring  little  development  time. 

At  the  heart  of  the  DSP  board  is  a  Texas  Instruments 
TMS320C30  processor  [9]  running  at  33.33  MHz  with  32-bit 
memory  and  I/O  busses.  Analog  interfacing  is  accomplished 
via  two  16-bit,  150  kHz  analog-to-digital  converters  and  two 
16-bit,  l.Sfis  digital -to-analog  converters. 


2244 


m.  System  Operation  and  Performance 

A.  System  Operation 


not  acquired  toward  the  end  of  the  ramp.  This  problem  can 
be  avoided  by  measuring  smaller  time  intervals  of  die  overall 
ramp  and  adjusting  the  kicker  amplitude  accordingly. 


A  small  coherent  betatron  oscillation  is  excited  by  a 
horizontal  and/or  vertical  kicker  magnet.  A  single 
measurement,  or  multiple  measurements  up  to  a  rate  of  10 
measurements  per  second,  can  be  made  per  ring  cycle.  The 
minimum  measurement  cycle  time  is  limited  by  the  100  kHz 
transient  recorder  playback  rate.  A  timing  signal  from  the 
cooler  computer  controlled  timing  system  initiates  a 
measurement.  This  signal,  via  hardware  logic,  fires  both 
kicker  magnets  and  triggers  the  data  acquisition  system.  The 
kick  amplitude  is  set  via  the  control  console.  The  beam  can 
be  kicked  in  a  single  plane  or  in  both  planes  at  the  same  time. 
The  beam  loss  due  to  the  kick  must  be  monitored.  If  the 
beam  is  kicked  too  hard,  the  beam  current  could  fall  below  the 
data  acquisition  threshold  level.  If  the  beam  is  kicked  too 
little  the  oscillation  will  be  weak  and  the  signal-to-noise  ratio 
will  be  poor.  A  beam  loss  of  approximately  1  dB  seems  to 
work  very  well  for  a  single  kick.  An  FFT  of  the  first  1024 
beam  position  points  after  the  kick  yields  the  fractional  tune. 

B.  System  Performance 

A  signal  to  rms  noise  voltage  per  channel  ratio  of  S 
is  necessary  to  ensure  a  99.9%  probability  of  detecting  the 
correct  tune.  The  signal  voltage  on  one  of  the  electrode  pairs, 
V„  is: 


y  _  IBFL  x 
5  ~  2ficC  R 

where  /  is  the  beam  current,  L  =  0. 15  m  is  the  electrode 
length,  fi  =  v/c  and  c  is  the  speed  of  light,  C  »  60  pF  is  the 
input  capacitance,  and  xJR  *  0.0S  is  the  kick  amplitude  over 
the  pickup  radius.  The  total  voltage  noise  is  »  25  pV  due 
to  the  4.6  nV/l/Hz  FFT  input  voltage  noise  which  is 
attenuated  as  e-0®8  MH*  due  to  cable  loss.  This  noise  power  is 
distributed  equally  in  each  of  the  1024  channels  (yielding 
0.79  pV/channel).  If  the  system  noise  were  dominated  by  this 
white  noise,  then  the  tunes  could  be  acquired  with  peak  beam 
currents  ( BF*I)  as  low  as  *  6  pA.  In  this  system,  however, 
we  have  found  that  coherent  rfi  limits  the  system  performance, 
though  accurate  measurements  can  be  made  with  peak  currents 
as  low  as  20  pA  with  xJR  —  0.0S. 

Tune  information  has  been  obtained  during  an  energy 
ramp  cycle.  A  problem  encountered  during  this  measurement 
is  beam  current  loss.  A  typical  ramp  time  is  3  s,  if  the  beam 
is  kicked  every  100  ms  a  substantial  beam  loss  can  occur  since 
cooling  does  not  occur  during  ramping.  For  this  reason 
smaller  kicks  must  be  used  when  operating  in  this  mode.  At 
higher  energies  a  larger  kick  is  required  to  produce  the  same 
amplitude  oscillation  .  Consequently,  the  tune  is  sometimes 


V.  Conclusions 

The  PTS  information  has  been  used  to  modify  the 
tune  during  an  energy  ramp  from  45  MeV  to  350  MeV  as 
shown  in  Fig.  2.  Using  this  system,  tune  information  during 
an  energy  ramp  can  be  obtained  in  a  matter  of  minutes 
compared  to  hours  with  the  rf  knockout  method.  This  system 
will  better  enable  operators  to  duplicate  machine  performance 
and  operating  characteristics  from  one  run  to  another. 


RAMP  TUNES  (45  •  350  MeV) 


Figure  (2).  Reduction  in  tune  variations  during  a  ramp 
after  2  iterations. 
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Abstract 

The  NSLS  booster  synchrotron  can  accelerate  an  electron 
beam  from  approximately  80  to  750  MeV  in  0.7  sec.  The 
betatron  tunes  can  change  during  acceleration  by  as  much  as 
0.1  units,  causing  beam  loss  as  they  cross  resonance  lines. 
Precise  measurements  with  a  conventional  swept  spectrum 
analyzer  have  always  been  difficult  because  of  the  rapid 
variation  of  tune  as  the  magnets  are  ramped.  We  are  now  using 
a  system  based  on  a  Tektronix  3052  digital  spectrum  analyzer 
that  can  obtain  a  complete  frequency  spectrum  over  a  10  MHz 
bandwidth  in  200  psec.  Betatron  oscillations  are  stimulated  for 
the  measurements  by  applying  white  noise  to  the  beam 
through  stripline  electrodes.  We  will  describe  the 
instrumentation,  our  measurements  of  tune  as  a  function  of 
time  during  the  acceleration  cycle,  and  the  resulting 
improvements  to  the  booster  operation. 

I.  INTRODUCTION 

The  injector  for  the  electron  storage  rings  at  the  National 
Synchrotron  Light  Source  (NSLS)  is  a  77  -  750  MeV 
synchrotron  called  the  booster  [1].  It  has  a  28.35  m 
circumference  and  a  0.7  Hz  repetition  rate.  The  lattice  consists 
of  four  superperiods,  each  containing  two  combined  function 
bending  magnets  and  two  horizontally  focusing  quadrupoles. 
The  vertical  tune  is  determined  primarily  by  the  gradient  in  the 
bending  magnets  and  the  horizontal  tune  by  the  quadrupoles. 
Eight  small,  air-cote  trim  quadrupoles  are  provided  at  positions 
in  the  lattice  with  large  values  of  the  vertical  beta  function  for 
fine  adjustment  of  the  vertical  tune.  Each  family  of  magnets  is 
powered  by  its  own  programmable  power  supply. 

The  booster  performance  has  always  been  very  unstable. 
The  electron  current  could  vary  by  a  factor  of  ten  from  one 
acceleration  cycle  to  the  next.  It  was  known  from 
measurements  with  a  conventional  spectrum  analyzer  that  at  a 
given  point  in  the  acceleration  cycle,  the  betatron  tunes  could 
vary  by  as  much  as  0.1  on  succeeding  cycles.  It  was  also 
known  that  injection  required  a  tune  just  below  the  half-integer 
resonance.  Apparently,  the  beam  was  lost  when  the  horizontal 
tune  wandered  close  to  the  half  integer. 

Because  a  conventional  spectrum  analyzers  may  need  at 
least  20  msec  to  measure  a  frequency  spectrum,  it  was  always 
hard  to  see  the  rapid  tune  changes  that  occurred  in  the  booster 
during  acceleration.  The  spectra  were  distorted  as  the  spectrum 
analyzers  swept  slowly  through  the  measured  frequencies  and 
the  number  of  points  that  could  be  measured  while  the  beam 
was  accelerated  was  small. 

To  understand  the  problems  with  the  booster  a  way  was 
needed  to  rapidly  measure  the  tunes  during  a  single  acceleration 
cycle.  Real  time  display  of  the  results  was  desired  to  aid  in 
adjusting  the  magnet  ramps.  This  paper  will  describe  a  system 
based  on  the  Tektronix  3052  Digital  Signal  Processing  system 
[2],  an  instrument  that  can  measure  a  complete  frequency 
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spectrum  from  0-10  MHz  in  a  time  of  200  |xsec,  to 
simultaneously  measure  the  horizontal  and  vertical  tunes  in  the 
NSLS  booster  throughout  the  acceleration  cycle  [3]. 

II.  TUNE  MEASUREMENT  SYSTEM 

A.  Spectrum  Analyzers 

Accelerator  tune  measurements  are  often  made  with  a 
swept  spectrum  analyzer.  This  consists  of  a  tunable  bandpass 
filter  whose  center  frequency  <up(r)  is  swept  over  the  frequency 
range  of  interest  The  center  frequency  can  not  be  changed  by 
an  amount  equal  to  the  bandwidth  of  the  filter  5o>  in  a  time 
less  than  0(l/&u)  without  distorting  the  spectrum.  Additional 
time  may  also  be  needed  by  the  instrument  to  process  the  data 
after  the  sweep  is  completed.  In  a  rapidly  cycling  accelerator 
like  the  NSLS  booster,  the  tunes  can  change  appreciably 
during  the  sweep  time  which  can  distort  the  spectra  and  make 
them  hard  to  interpret. 

The  Tektronix  3052  Digital  Signal  Processing  System 
uses  1024  bandpass  filters  operating  in  parallel  to  obtain  a 
frequency  spectrum.  All  of  the  filters  simultaneously  measure 
the  signal  within  their  passbands  to  produce  the  entire 
frequency  spectrum  in  one  shot  The  Tektronix  3052  takes  200 
psec  to  measure  a  complete  spectrum  over  a  2  MHz  range  to  a 
resolution  of  1/800.  _ 

A  Fast  Fourier  Transform  (FFT)  sp.  :trum  analyzer 
operates  in  the  time  domain  by  sampling  the  incoming  signal 
and  then  performing  an  FFT  numerically  to  calculate  the 
frequency  spectrum.  This  technique  is  commonly  used  to 
measure  accelerator  tunes  in  the  100  KHz  range  but,  for  the  5 
MHz  spectral  range  required  for  the  NSLS  booster  tune 
measurements,  the  FFT  technique  would  be  dominated  by  the 
numerical  processing  time,  and  could  not  be  used. 

B.  System  Details 

Electrostatic  pick-up  electrodes  are  used  to  measure  the 
beam  position  in  the  NSLS  booster  synchrotron.  The  betatron 
tune  appears  as  sidebands  on  the  harmonics  of  the  revolution 
frequency.  Because  coherent  betatron  oscillations  do  not 
usually  appear  spontaneously,  it  is  necessary  to  stimulate  the 
beam  with  a  driving  force  to  provide  a  large  enough  signal  to 
measure  the  tune.  This  is  done  by  applying  a  deflecting  field  to 
the  beam  with  a  set  of  stripline  electrodes. 

With  a  conventional  swept  spectrum  analyzer,  an 
amplified  signal  from  a  tracking  generator  is  used  to  drive  the 
beam  at  the  frequency  being  measured.  A  sustained  response  is 
only  possible  at  the  frequency  of  one  of  the  beam’s  normal 
modes  of  oscillation;  i.e.  at  one  of  the  revolution  harmonics  or 
the  betatron  tune  sidebands.  The  position  signal  is  then 
connected  to  the  input  of  the  spectrum  analyzer  and  the 
betatron  tune  lines  are  seen  as  a  response  of  the  beam  to  the 
deflecting  signal. 

Measuring  the  betatron  tunes  with  a  multiple  receiver 
spectrum  analyzer  like  the  Tektronix  3052  or  by  FFT 
techniques  is  slightly  more  complicated.  Because  all  of  the 
frequencies  in  the  range  of  interest  are  observed 
simultaneously,  it  is  necessary  to  stimulate  the  beam  at  all  of 
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the  frequencies  of  the  band  simultaneously  as  well.  This  can  be 
done  by  applying  the  signal  from  a  broadband  noise  generator 
to  a  deflecting  electrode. 

A  block  diagram  of  the  NSLS  booster  tune  measurement 
system  is  shown  in  fig.  1.  Horizontal  and  vertical  tunes  are 
measured  simultaneously.  The  beam  positions  are  obtained  by 
subtracting  the  signals  that  are  induced  on  pairs  of  electrostatic 
plates  using  hybrid  power  combiners.  Deflecting  forces  are 
applied  to  the  beam  by  signals  on  horizontally  and  vertically 
oriented  stripline  kickers.  Both  the  position  detectors  and 
stripline  kickers  are  most  sensitive  at  frequencies  near  100 
MHz  so  we  measure  the  betatron  tunes  at  the  upper  sideband  of 
the  tenth  harmonic  of  the  10.58  MHz  revolution  frequency. 
We  heterodyne  these  signals  down  to  the  0  - 10  MHz  range  of 
the  Tektronix  3052. 

The  stimulating  signal  is  obtained  from  a  noise  generator 
with  a  flat  frequency  spectrum  from  10  Hz  to  10  MHz.  To 
provide  a  constant  excitation  at  all  beam  energies,  the  noise 
source  is  scaled  by  a  signal  proportional  to  the  current  in  the 
dipole  magnet  which,  in  turn,  is  proportional  the  beam  energy. 
The  signal  is  then  mixed  with  the  103  MHz  signal  from  a 
crystal  controlled  oscillator,  the  components  in  the  103.0  ± 
2.5  MHz  band  are  selected,  amplified,  and  applied  to  the 
horizontal  and  vertical  kickers. 

From  the  design  of  the  booster  and  from  previous 
measurements  with  swept  spectrum  analyzers,  we  knew  that 
the  fractional  horizontal  tune  was  between  0.4  and  0.5,  and  the 


fractional  vertical  tune  was  between  0.2  and  0.3.  At  the 
sidebands  of  interest,  these  correspond  to  frequencies  near 
110.5  MHz  for  the  horizontal  tune  and  108.5  MHz  for  the 
vertical  tune.  We  filter  the  signals  from  the  position  detectors 
at  these  frequencies  to  avoid  saturating  the  electronics  with 
extraneous  noise.  The  horizontal  and  vertical  betatron 
sidebands  are  separately  mixed  with  a  signal  from  the  103 
MHz  local  oscillator,  combined,  and  the  difference  signal  is 
selected  by  a  10.7  MHz  low  pass  filter.  The  result,  containing 
the  horizontal  and  vertical  betatron  tune  information,  is  applied 
to  the  input  of  the  Tektronix  3052. 

After  receiving  a  trigger  corresponding  to  the  injection  of 
the  electrons  into  the  booster,  the  3052  begins  to  collect  a 
frequency  spectrum  every  200  psec.  Every  r1*1  spectrum  is 
saved,  where  r  is  an  integer  that  can  be  set  by  the  user,  and  501 
spectra  can  be  saved  in  the  instrument’s  internal  memory.  A 
false  color  image  showing  the  horizontal  and  vertical  tunes  as 
a  function  of  time  after  injection  is  displayed  after  each  booster 
cycle.  An  example  of  a  color  spectrogram  can  be  seen  in 
reference  [3]. 

C.  DATA  ANALYSIS 

The  3-D  plots  that  are  produced  by  the  spectrum  analyzer 
can  be  used  for  tuning  the  booster,  but  for  analysis  it  is  useful 
to  extract  2-D  plots  of  tune  vs.  time  or  horizontal  vs.  vertical 
tune.  This  information  is  extracted  using  the  Motorola  68030 
based,  single  board  computer  that  is  incorporated  in  the 
Tektronix  3052.  The  program  is  written  in  the  “C”  language. 
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Tunes  are  extracted  from  the  raw  data  by  a  simple  peak 
finding  algorithm  following  exponential  smoothing  of  the  data 
at  nearby  frequencies  to  remove  narrow-band  electrical  noise. 
(This  is  described  in  more  detail  in  reference  [3].)  An  ASCII 
file  containing  the  the  horizontal  and  vertical  tune  as  a 
function  of  time  is  written  to  the  spectrum  analyzer’s  hard  disk 
where  it  can  later  be  examined  or  transferred  to  another 
computer  via  an  RS-232  interface  for  further  analysis. 
Performing  the  initial  data  reduction  within  the  spectrum 
analyzer  has  the  advantage  of  reducing  the  amount  of  data 
transmitted.  Fig.  2  shows  a  plot  of  the  horizontal  and  vertical 
bine  during  a  typical  booster  acceleration  cycle. 
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Figure  2.  Horizontal  and  vertical  tunes  in  the  NSLS 
booster  as  a  function  of  time  during  the  acceleration 
cycle.  Also  shown  is  the  booster  bending  magnet 
current  which  is  proportional  to  beam  energy. 
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Together  With  the  tune  data,  fig.  2  shows  the  booster 
bending  magnet  current,  which  is  nearly  proportional  to  the 
electron  beam  energy.  The  horizontal  tune  fluctuates  at  a 
frequency  of  approximately  60  Hz  at  low  energy.  The 
oscillation  is  caused  by  an  instability  in  the  regulation  of  the 
bending  magnet  power  supply  at  low  currents.  The  tune  at  any 
given  time  in  the  cycle  also  tends  to  vary  from  one  cycle  to 
the  next  due  to  slow  drift  in  the  power  supply.  On  some 
cycles,  the  variation  is  enough  to  carry  the  peaks  in  the 
horizontal  tune  across  the  half-integer  resonance  causing  beam 
loss.  This  explained  an  instability  in  booster  operation  that 
had  been  seen  for  many  years  but  only  incompletely 
understood. 

In  the  long  term  the  problem  with  the  tune  variation  will 
be  cured  by  replacing  the  booster  power  supplies  [4]  but  for 
now,  the  instability  was  fixed  in  another  way.  A  program  had 
already  been  started  to  increase  the  energy  of  the  linac  that 
serves  as  an  injector  for  the  booster  from  77  to  1 16  MeV. 
Observation  of  the  tune  instability  provided  impetus  for 
completing  the  linac  upgrade.  At  1 16  Mev,  corresponding  to  a 
time  of  approximately  0.15  sec  in  fig.  2,  neither  the  rapid 
fluctuations  nor  the  cycle  to  cycle  variation  in  the  horizontal 
tune  are  as  severe.  We  used  the  same  bending  magnet  ramp  as 
for  77  MeV  injection  but  delayed  the  injection  time  until  the 
magnet  currents  reached  the  116  MeV  values.  Booster 
operation  is  now  much  more  stable,  The  cycle  to  cycle 
variation  in  the  electron  current  is  now  less  than  10% 

More  recently,  a  new  digital  feedforward  system  [5]  was 
connected  to  the  bending  magnet  power  supply  to  improve  the 
low  frequency  response.  This  corrected  the  remaining  cycle  to 


cycle  tune  variation.  Because  the  new  feedforward  system 
changed  the  regulation  of  the  power  supply,  it  was  necessary 
to  adjust  the  magnet  ramp  to  compensate.  This  was  easily 
done,  using  the  tune  measurement  system  to  monitor  the  tune 
in  real-time.  Similar  adjustments  in  the  past  took  weeks  of 
work  with  a  swept  spectrum  analyzer. 

Fig.  3  shows  a  plot  of  the  vertical  tune  as  a  function  of 
the  horizontal  tune  in  the  booster,  derived  from  the  mean  data 
in  fig.  2.  Also  shown  are  the  resonance  lines  in  the  region 
plotted.  As  the  beam  is  accelerated,  it  crosses  the  fourth  order 
resonance  4^=1  and  later  skirts  back  and  forth  along  the  third 
order  resonance  qx+2qy=l  but  never  crosses  it  Although  the 
the  fourth  order  resonance  apparently  does  not  effect  the  beam, 
the  third  order  resonance  does.  This  explains  why  the  booster 
beam  was  lost  if  the  vertical  tune  was  increased.  Raising  it 
will  carry  it  across  the  resonance  line. 

The  vertical  tune  in  the  booster  is  controlled  largely  by 
the  trim  quadruples.  Their  power  supply  can  only  produce  a 
limited  current  and  can  not  be  scaled  with  beam  energy  during 
the  entire  acceleration  cycle.  This  explains  the  increase  in 
vertical  tune  seen  in  fig.  2.  The  lack  of  control  of  the  vertical 
tune  has  always  been  a  problem:  if  the  vertical  tune  is  too  low 
injection  suffers  but  if  it  is  too  high  the  third  order  resonance 
is  crossed.  Now  that  the  tunes  were  measured  precisely,  a  new 
trim  quadrupole  power  supply  will  be  installed  to  correct  the 
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Figure  3.  Horizontal  vs.  vertical  tune  in  the  NSLS  booster 
obtained  from  the  data  in  fig.  2,  smoothed  to  eliminate 
rapid  oscillations.  The  third  and  fourth  order  resonance 
lines  in  this  region  of  the  tune  plane  are  indicated. 
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Abstract 

A  feedback  microprocessor  lias  been  built  for  the  TEVATRON. 
Its  inputs  are  realtime  accelerator  measurements,  data  descrile 
ing  the  state  of  the  TEVATRON,  and  ramp  tables.  The  mi¬ 
croprocessor  includes  a  finite  state  machine.  Each  state  corre¬ 
sponds  to  a  specific  TEVATRON  operation.  Transitions  be¬ 
tween  states  are  initiated  by  the  global  TEVATRON  clock. 
Each  state  includes  a  cyclic  routine  which  is  called  periodically 
and  where  all  calculations  are  performed.  The  output  correc¬ 
tions  are  inserted  onto  a  fast  TEVATRON-wide  link  from  which 
the  power  supplies  will  read  the  realtime  corrections.  We  also 
store  all  of  the  input  data  and  output  corrections  in  a  set  of 
buffers  which  can  easily  he  retrieved  for  diagnostic  analysis. 
I  will  descrihe  use  of  this  device  to  control  the  TEVATRON 
tunes,  and  discuss  other  uses. 

Introduction 

In  hadron  colliders  such  as  the  Fermilah  TEVATRON,  the 
HERA  p  ring,  the  SSC  and  the  LHC,  a  well-defined  sequence 
of  operations  is  needed  to  take  the  accelerator  from  an  initial 
state,  without  stored  beam,  to  a  final  state,  with  stored  beam 
and  collisions  at  the  interaction  points.  There  are  many  inter¬ 
mediate  states  (such  as  acceleration),  during  which  accelerator 
parameters  change.  It  is  difficult  to  construct  a  single  model  of 
the  accelerator  which  applies  during  all  these  states.  Instead,  it 
is  convenient  to  consider  each  process  separately  ami  construct 
models  for  each  state.  The  entire  process  may  be  thought  of  as 
a  finite  state  machine,  with  each  state  corresponding  to  a  dif¬ 
ferent  operation  and  having  its  own  model  of  the  accelerator. 
In  addition,  the  time  scales  at  which  the  accelerator  parame¬ 
ters  change  vary  from  state  to  state.  Changes  in  accelerator 
parameters  lead  to  variations  in  the  beam  parameters  such  as 
the  tunes,  coupling,  and  chroinaticities.  If  the  beam  parameters 
are  not  carefully  controlled,  beam  quality  will  deteriorate.  One 
of  the  principal  challenges  of  collider  operations  is  to  maintain 
high  beam  intensities  and  low  emittances  through  the  chain  of 
operations  from  injection  to  collisions. 

The  sequence  of  operations  in  the  TEVATRON  is  illustra¬ 
tive  of  this  process1 .  Operations  proceed  through  the  following 
(simplified)  set  of  states:  ;»  injection,  energizing  electrostatic 
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separators  to  create  different  helical  orbits  for  p’s  and  p's,  p  in¬ 
jection,  acceleration,  lattice  modifications  to  produce  low  ft"s 
at  the  interaction  regions,  and  energizing  additional  separators 
to  create  head-on  collisions  at  the  two  interaction  regions.  In  p 
anti  p  injection,  a  closed  orbit  time  bump  moves  the  circulating 
orbit  near  an  injection  kicker,  ami  back  immediately  after  in¬ 
jection.  Closed  orbit  changes  may  be  accompanied  by  betatron 
tune  and  coupling  changes  caused  by  the  non-linear  fields  of  the 
bending  dipoles  and  sextupoles.  Energizing  the  separators  has 
the  same  effect.  During  acceleration,  all  the  magnetic  elements 
are  ramped.  Although  the  linear  lattice  is  kept  constant,  the 
multipoles  change,  affecting  the  tunes  and  coupling.  The  closed 
orbit  may  also  vary.  “Squeezing”  is  the  term  used  to  describe 
lattice  changes  to  create  small  ft" s  at  the  interaction  regions.  In 
principle,  only  a  restricted  set  of  quadruples  should  he  needed 
for  this  step.  However,  since  the  quadrnpole  strengths  are  not 
precisely  known,  the  exact  settings  for  the  quad ru poles  cannot 
always  be  calculated.  The  closed  orbit  may  not  pass  through 
the  centers  of  the  quadrnpoles,  leading  to  closed  orbit  (and  tune 
and  coupling)  shifts.  If  during  these  states  the  tunes  and  cou¬ 
plings  are  not  kept  away  from  harmful  resonances,  emittance 
growth  and/or  beam  loss  will  result. 

Closed  orbit  and  quadrnpole  variations  also  affect  the  chro- 
maticities.  These  effects  are  usually  small  and  do  not  pose 
problems  for  beam  stability.  However,  persistent  current  effects 
in  the  bending  dipoles  of  superconducting  accelerators  have  a 
large  effect  on  the  sextupole  moment.  During  the  1-3  hour 
TEVATRON  injection  front  porch,  the  chroinaticities  change 
by  as  much  as  7(1  units.  These  changes  are  undone  in  the  first 
seconds  of  acceleration.  If  the  chroinaticities  are  too  low  dur¬ 
ing  these  states,  head-tail  instabilities  may  develop.  If  they  are 
too  large,  the  chromatic  tune  spread  may  overlap  harmful  reso¬ 
nances.  In  both  cases,  emittance  growth  and/or  beam  loss  may 
result. 

lit  all  of  these  cases  it  is  necessary  to  have  accurate  tune  and 
chromaticity  control.  This  is  usually  accomplished  with  open 
loop  control  in  the  form  of  tables  operating  at  breakpoints,  with 
linear  interpolation  between  breakpoints.  However,  this  inter¬ 
polation  is  often  not  accurate.  The  CBA1  system  at  Fermilab 
was  constructed  to  provide  tune  control  with  realtime  feedback 
loops.lt  operates  as  a  finite  state  machine  in  which  each  state 
corresponds  to  a  specific  TEVATRON  process.  Feedback  within 
a  state  is  performed  bv  periodic  calls  to  the  state’s  data  acqui¬ 
sition  and  feedback  routines.  Each  state  also  includes  a  set  of 
buffers  in  which  the  measurements  and  calculations  from  the 
feedback  routine  are  stored.  All  data  are  available  through  the 
Fermilab  accelerator  control  system.  We  will  describe  the  gen- 
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Figure  1:  a  CBA  State  Structures  and  h  CBA  Buffer 
Structures. 

eral  features  of  the  microprocessor  software,  the  way  in  which 
it  has  been  incorporated  into  the  TEVATRON  control  system, 
and  some  of  the  ways  in  which  it  has  been  used. 

Features  of  the  CBA  System 

The  hardware  standard  chosen  for  CBA  was  the  Intel  Multi¬ 
bus  II3  chassis  using  a  Micro  Industries  80386  processor  card 
with  8  MBytes  of  DRAM.  We  use  the  MTOS4  operating  sys¬ 
tem.  All  software  is  written  in  C. 

The  heart  of  the  finite  state  machine  is  a  set  of  states  with  a 
transition  table  and  a  set  of  periodic  rules  and  buffers  for  each 
state.  These  structures  are  illustrated  in  Figure  la  and  lb.  The 
transition  table  consists  of  a  list  of  allowed  transitions  between 
states  and  the  trigger  which  will  cause  a  given  transition.  Each 
state  can  have  transitions  into  up  to  8  other  states,  although 
a  given  trigger  signal  can  occur  only  once  in  the  transition  ta¬ 
ble  for  a  state.  The  periodic  rules  consist  of  a  specification 
of  8  frequencies  and  timing  signals  which  will  cause  the  peri¬ 
odic  routine  to  be  called.  The  frequencies  vary  from  state  to 
state,  depending  upon  the  accelerator  processes  occurring.  For 
instance,  during  acceleration  the  persistent  current  effects  are 
removed  rapidly,  and  a  frequency  of  several  Hz  is  indicated,  but 
during  the  squeeze  the  quadrupole  circuits  change  very  slowly 
and  a  frequency  of  1  Hz  is  sufficient. 

Associated  with  each  state  is  a  set  of  buffers.  The  buffer 
structures  consist  of  a  specification  of  the  number  of  fields, 
number  of  records,  number  of  instances  of  a  state  which  may 
be  buffered  before  they  are  overwritten,  time-of-day  stamps  for 
each  buffer,  and  the  data  buffers  themselves.  One  buffer  is  filled 
for  every  instance  of  a  state,  and  after  the  entire  set  has  been 
filled,  they  are  overwritten  in  a  circular  manner.  The  number  of 
buffers  for  each  state  has  been  chosen  to  be  large  enough  so  that 
there  is  no  danger  of  buffers  being  overwritten  before  they  have 
been  archived,  if  desired.  The  time-of-day  stamp  is  the  clock 
date  and  time  at  which  the  instance  of  the  state  occurred.  It 
is  stored  in  a  separate  circular  buffer  which  maintains  the  one- 


to-one  correspondence  with  the  data  buffers.  Each  data  buffer 
consists  of  fields  into  which  the  input  data,  accelerator  param¬ 
eters,  and  output  data  may  be  loaded.  A  new  record  consisting 
of  data  for  all  the  fields  Is  added  to  the  buffer  each  time  the 
periodic  routine  is  called. 

The  computations  for  each  state  are  performed  in  the  entty, 
exit,  and  periodic  routines.  The  entry  routine  allocates  the  next 
available  buffer  and  zeroes  the  timer  which  counts  time  since  the 
start  of  the  state.  The  exit  routine  closes  the  buffer  and  zeroes 
the  feedback  output.  The  periodic  routine  consists  of  routines 
that  read  the  beam  and  accelerator  parameters,  such  as  the 
betatron  tunes  and  bending  bus  current.  It  also  accesses  the 
tables  of  desired  values  for  beam  quantities  as  a  function  of  time 
since  entry  into  the  state.  The  desired  values  and  measured 
values  are  inputs  to  the  feedback  routine,  which  calculates  an 
error  signal.  The  accelerator  model  is  then  used  to  calculate 
the  feedback  current  required  to  null  the  error  signal.  These 
corrections  are  output  in  real  time  to  the  power  supplies  and 
are  stored,  along  with  the  input  data  and  whatever  calculations 
are  desired,  in  the  buffer  being  used  for  the  particular  instance 
of  the  state. 

TEVATRON  Implementation 

Figure  2  is  a  complete  diagram  of  the  system  as  implemented 
in  the  TEVATRON.  The  inputs  are  a  set  of  phase  lock  loops 
whose  input  is  the  signal  from  a  set  of  Schottky  detectors-'. 
These  circuits  provide  a  realtime  measurement  of  the  tune.  The 
triggers  for  the  transition  tables  are  read  from  the  global  TEVA¬ 
TRON  clock  (TC'LK)  and  other  machine  parameters  (the  bend 
bus  current)  are  read  from  the  global  MDAT  link0.  The  real¬ 
time  corrections  are  transmitted  to  the  power  supply  controllers 
over  MDAT.  Various  control  parameters  (feedback  gains,  fre¬ 
quencies,  on/off  switches,  etc.)  are  downloaded  into  CBA 
through  the  accelerator  control  network  (AONET).  The  data 
buffers  are  also  available  to  the  console  system  over  ACNET. 

We  have  conducted  several  closed  loop  tests  of  CBA.  In  one 
such  test,  we  demonstrated  that  CBA  can  successfully  compen¬ 
sate  tune  shifts  caused  by  changes  in  TEVATRON  parameters 
other  than  the  tune  circuits.  We  introduced  a  single  horizontal 
dipole  kick  of  varying  magnitude  at  one  location.  In  Figure 
3a  we  plot  the  kick,  the  position  measured  on  a  beam  position 
monitor,  and  the  horizontal  and  vertical  tunes.  The  kick  leads 
to  a  maximum  tune  change  of  about  0.01.  Figure  3b  is  the  same 
plot  with  CBA  turned  on  to  perform  active  feedback.  The  tune 
shift  has  been  successfully  compensated  to  within  0.002. 

Conclusions 

We  have  built  a  genera)  purpose  microprocessor  based  feed¬ 
back  system  which  has  been  tailored  to  fit  the  finite  state  be¬ 
havior  of  hadron  collider  operation.  The  system  will  work  with 
any  reliable  realtime  inputs  and  will  provide  feedback  at  up  to 
60  Hz.  Each  state  has  it’s  own  feedback  routines  which  contains 
a  model  of  that  particular  accelerator  state.  We  have  provided 
a  buffer  system  which  matches  the  states  of  the  state  machine 
and  which  contain  all  informal  on  describing  the  operation  of 
the  feedback  loop.  Closed  loop  corrections  to  the  power  sup¬ 
plies  can  be  output  on  any  accelerator-wide  link.  This  system 
has  been  tested  and  shown  to  work  in  circumstances  which  are 
useful  to  accelerator  operations. 
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Figure  2:  CBA  implementation  in  the  TEVATRON. 
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Figure  3:  Plots  of  a  horizontal  correction  dipole,  horizontal 
beam  position  monitor,  and  the  horizontal  and  vertical 
tunes  with  a  (’BA  off  and  b  CBA  on. 
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Abstract 

Changes  made  to  the  Fermilab  Main  Ring 
lattice  and  the  Main  Ring’s  future  importance 
for  the  HEP  program  require  a  new  study  of 
its  physical  aperture.  This  task  has  been 
carried  out  using  a  computer  program  that 
automatically  and  systematically  measures 
the  available  aperture  around  the  ring.  This 
program  and  its  performance  are  described 
along  with  a  preliminary  analysis  of  the 
results.  Further  systematic  analysis  of 
aperture  data  is  underway  in  preparation  for 
modifications  to  be  made  in  the  coming 
summer  shutdown. 


I.  INTRODUCTION 

The  random  misalignments  of  Fermilab 
Main  Ring  elements  are  responsible  for 
reduced  transverse  and  momentum  aperture 
and  are  the  cause  of  high  ramped  dipole 
corrector  currents.  This  has  been  one  of 
sources  of  frequent  power  supply  failures.  In 
the  past,  aperture  scanning,  a  process  to 
measure  physical  apertures,  has  been  done 
manually,  and  has  involved  tedious  human 
intervention,  precious  beam  time,  and  yet  has 
resulted  in  incomplete  information.  The  new 
automated  aperture  scan  program  is  more 
than  a  convenience  in  that  detailed  and 
accurate  aperture  pictures  can  be  achieved 
with  minimum  human  interventions  in  a 
repetitive,  reproducable  process.  In 
relatively  short  time,  detailed  2-dimensional 
aperture  pictures  were  obtained  at  all  216 
beam  position  monitor(BPM)  locations.  Work 
to  identify  the  locations  in  the  Main  Ring 
which  should  be  modified  or  resurveyed 
during  the  upcoming  summer  shutdown  is  in 
progress. 

II.  THE  PROGRAM 

A  goal  in  the  program  design  is  to  relieve 
the  operator  of  time  consuming  and  error 
prone  manipulations  while  achieving 
sufficiently  detailed  and  accurate  data  within 


limited  time.  This  is  largely  facilitated  by  the 
now  much  improved  Fermilab  ACNET*  utility 
software  that  interface  data  pool,  central  file 
sharing  system,  network  communications,  TV 
and  graphics  I/O.  The  core  of  the  program  is 
the  coordinated  control  of  reading  and  setting 
C453  ramp  cards  (CAMAC  modules  that  control 
corrector  currents),  and  reading  beam 
intensities  and  BPMs.  For  a  given  location,  it 
forms  a  local  3-bump  in  one  plane  and  a  4- 
bump  in  the  other  plane.  By  resetting  those 
C453  cards  for  the  seven  correctors  involved, 
the  beam  is  stepped  in  2-dimensions  from 
center  toward  the  ’edge’  of  the  aperture.  The 
'edge'  is  recognized  when  the  beam  intensity 
is  reduced  to  a  preset  level.  At  each  step, 
horizontal  and  vertical  beam  positions 
together  with  the  beam  intensity  are 
displayed  in  a  2-dimensional  aperture  map. 
When  one  location  is  done  all  information 
including  closure  of  the  bumps  are  logged 
into  a  file  and  the  scan  of  the  next  location  is 
started.  The  program  has  proven  to  be  fairly 
robust  and  reliable.  When  questions  arise 
regarding  losses  at  certain  locations,  one  can 
review  the  aperture  pictures  on  file  or  re¬ 
scan  for  a  new  map  to  aide  in  tuning  the 
machine. 

III.  PRELIMINARY  RESULTS 

In  the  coming  summer  shutdown,  some  of 
the  Main  Ring  beam  line  elements  will  be 
resurveyed  based  on  these  aperture  maps. 
While  systematic  study  and  test  are  needed  to 
understand  all  major  problems.  some 
problems  are  very  obvious  by  just  looking  at 
the  map.  Fig.  1  is  a  typical  normal  map. 
whereas  Fig.  2  to  Fig.  4  are  maps  for 
problem  locations.  In  the  plot  the  numbers 
represent  the  percentage  of  surviving  beam 
current  measured  at  those  coordinates.  These 
problems  may  call  for  realignment  of  the 
lattice  elements  or  require  an  investigation 
for  obstacles  in  the  beam  lube.  Some  problem 
may  be  due  to  misalignments  of  the  BPM 
detectors.  To  aide  systematic  study,  multiple 
aperture  maps  can  be  plotted  in  order  of  their 
positions  around  the  ring  in  one  plot.  Fig.  5  is 
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;uch  a  plot  in  which  beam  intensities  are 
ndicated  by  different  colors. 
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Abstract 

In  the  past  two  years,  a  significant  reduction  in  electron 
beam  motion  has  been  achieved  at  the  NSLS  X-Ray  storage 
ring.  The  implementation  of  global  analog  orbit  feedbacks, 
based  on  a  harmonics  correction  scheme,  has  reduced  the 
beam  motion  globally.  Implementation  of  six  local  analog 
feedback  systems  has  reduced  the  beam  motion  even  further 
at  the  corresponding  beam  line  straight  sections.  This  paper 
presents  beam  motion  measurements,  showing  the 
improvement  due  to  the  feedback  systems.  Beam  motion  is 
measured  using  a  spectrum  analyzer  and  data  is  presented  at 
various  frequencies,  where  peaks  were  observed.  Finally, 
some  of  the  beam  motion  sources  are  discussed. 


I.  INTRODUCTION 

The  X-Ray  storage  ring  at  the  National  Synchrotron  Light 
Source  (NSLS)  is  now  in  its  tenth  year  of  operation.  Amongst 
other  developments!  1  and  2],  improvement  in  the  orbit 
stability  has  been  a  major  goal  of  the  department,  second  only 
perhaps  to  the  machine’s  operational  reliability.  The  early 
part  of  this  effort  was  devoted  to  improving  and  upgrading 
several  key  systems  such  as  magnet  power  supply  system,  RF 
system.  This  contributed  to  a  fair  amount  of  beam  stability 
improvement  but  far  from  the  acceptable  range.  Next,  local 
feedback  systems[3]  were  implemented  where  each  system 
kept  the  electron  beam  stable  at  the  two  ends  of  an  insertion 
device  straight  section.  Although,  the  results  at  these 
beamline  met  our  expectations,  the  beam  motion  at  bending 
magnet  beamline  user’s  locations  was  far  from  satisfactory. 

In  December  1989,  a  prototype  analog  global  feedback  in 
the  UV  storage  ring[4]  (2nd  storage  ring  at  NSLS)  showed  a 
significant  improvement  in  beam  stability.  This  system 
showed  lot  of  promise  for  the  X-Ray  ring.  A  crash  program 
was,  therefore,  put  into  effect  for  an  operational  system  for 
the  X-Ray  ring.  This  was  achieved  in  August  1991  with 
excellent  results(5]. 

This  paper  presents  analysis  of  the  beam  motion  at  all  pue 
locations  both  in  frequency  as  well  as  time  domain  and  then 
identifies  some  of  the  sources  of  beam  motion.  Further,  it 
tabulates  beam  position  data  quantitatively  at  all  pue’s 
locations. 

*Work  performed  under  the  auspices  of  the  U.S.  Department 
of  Energy  under  contract  DE-AC02-76CH00016. 


II.  CHARACTERIZATION  OF  THE 
BEAM  POSITION  INSTABILITY 

The  single  most  important  part  of  the  beam  instability  is 
the  "Orbit  Drift’  and  is  discussed  in  section  3.  When  the 
beam  is  originally  centered  or  aligned  by  a  dc  orbit  correction, 
an  "Orbit  Drift"  is  observed  by  as  much  as  0.5  mm 
horizontally  and  0.2  mm  vertically  over  the  operational  run  of 
12  to  24  hours  (with  no  feedbacks  implementation).  In 
addition,  a  beam  "bounce"  or  fast  peak  to  peak  motion  about 
its  nominal  position  exist  which  is  characterized  by  analyzing 
the  spectrum  of  the  beam  position.  The  amplitude  and  the 
frequency  of  the  beam  bounce  depend  on  various  factors  and 
are  discussed  in  section  4. 

III.  ORBIT  DRIFT 

Typical  horizontal  beam  motion  for  an  X-Ray  operational 
run  is  shown  at  one  pue  location  in  fig,  1.  This  is  a  ran  of  8 
hrs  following  a  fill,  where  beam  current  decays  from  200  ma 
to  100  ma  (shown  by  the  smooth  curve).  It  can  be  sem  that 
the  majority  of  the  drift  occurs  during  the  initial  2  to  3  hours 
period  after  the  fill.  The  cause  appears  to  be  the  coupling  of 
the  chambers  to  the  magnet[6]  due  to  uneven  cooling.  The 
cooling  configuration  of  the  vacuum  chamber  and  the 
constriction  of  the  vacuum  chambers  in  the  many  magnets, 
distorts  the  vacuum  chamber  causing  the  main  magnets  to 
move  and  also  the  orbit  as  a  function  of  the  beam  current. 


Fig.  1.  Typical  horizontal  orb;c  drift  at  PUE  05 

The  orbit  drifts  in  horizontal  and  vertical  planes  are 
tabulated  in  Table  1  at  each  pue  location  for  an  operation, 
indicating  which  pue  is  a  part  of  local  or  global  feedback 
systems.  This  same  data  is  plotted  in  Figure  2.  As  expected, 
the  least  drift  is  noted  at  local  feedback  pue  locations  (shown 
by  circled  pues  in  figure  2),  where  feedbacks  are 
implemented. 
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Table  1.  Maximum  oibit  drift 


X  Ray  operation  run  from  10:«5  ta  24.00  hrs  on  5/10/92 


Fig.  2.  Maximum  orbit  drift 

Before  the  implementation  of  the  feedback  system,  the 
orbit  drifts  were  measured  to  be  in  the  range  of  200-500 
microns  horizontally  and  50-200  microns  vertically.  Feedback 
systems  reduce  this  motion  to  17-100  microns  horizontally  and 
7-50  microns  vertically. 

IV.  BEAM  "BOUNCE"  OR  FAST 
PEAK-TO-PEAK  MOTION 

Spectrum  analysis  of  the  beam  motion,  shown  in  figure  3, 


reveals  that  there  are  several  peaks  from  0.5  hz  to  500  hz, 
however  the  magnitude  of  these  peaks  depends  on  the  external 
conditions.  To  explain,  the  spectrum  is  divided  into  3 
frequency  ranges:  a)  0.5  hz  to  10  hz;  b)  10  hz  to  60  hz;  c) 
60  hz  and  its  harmonics. 


X-6BB.Br.Ml 
Ya-677.  S4SpV 


Fig.  3.  Spectrum  at  PUE  08-1  mV  rms  ^  5.6  microns  p-p 
(measured  on  5/3/93  -  dry  weather  conditions) 

The  frequency  range  a)  contains  peaks  at  the  fundamental 
frequency  0.67  hz  and  its  harmonics  which  are  present  only 
when  NSLS  booster  is  on  (ramp  rate  of  0.67  hz).  This 
coupling  occurs  magnetically  to  the  electron  beam  in  the  X- 
Ray  ring.  The  figure  4  shows  the  horizontal  displacements  at 
the  2nd  harmonic  frequency  (1.33  hz)  due  to  NSLS  booster, 
with  global  feedback  off  and  on.  The  remaining  bump 
towards  pue  41  and  44  (with  feedback  on)  in  figure  4,  tells  us 
that  this  is  the  location  where  coupling  occurs  and  where 
magnetic  shielding  should  be  attempted. 


•  r  c!  I  5.J  n;  mobon  (NV.S  Booster's  ?rvj  homom) 


Fig.  4.  Horizontal  peak-to-peak  beam  motion  at  1.33  hz. 

The  bounce  components  in  the  10  hz  to  60  hz  range  have 
been  shown,  mostly,  to  be  related  to  several  mechanical 
vibration  modes  of  quadmpole  girder  support  structure.  After 
vibration  evaluation[7],  significant  improvements  in  vibration 
reduction  were  achieved  by  performing:  grout  repairs  on  the 
magnet  installation,  removal  of  lead  shielding  from  the  magnet 
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(thus  detuning  the  natural  frequencies)  and  tightening  the  bolts 
holding  the  magnet  structure.  The  predominant  horizontal 
1 1.89  hz  peak  in  the  bottom  trace  of  figure  3  is  excited  by  the 
action  of  a  nearby  High  Flux  Beam  Reactor  (HFBR)  Helium 
compressor  which  is  about  1000  feet  away.  Vibration 
measurement  results[7],  also  show  that  this  amplitude 
increases  significantly  (by  a  factor  of  3  to  5)  during  periods  of 
heavy  rainfall.  It  supports  the  fact  that  tnnsmissibility  of  soil 
vibration  waves  increases  dramatically  with  moisture  contorts. 
During  rainfall  conditions,  the  amplitude  at  this  frequency  is 
in  the  range  of  25  to  250  microns  horizontally  and  5  to  20 
microns  vertically.  When  HFBR  compressor  is  off,  the 
bounce  component  in  the  10  to  60  hz  frequency  range  is  less 
than  50  microns  horizontally  and  10  microns  vertically. 
Spectrum  peaks  with  significant  amplitudes  are  tabulated  in 
table  2. 

Higher  frequency  components  occurring  mainly  at  60  hz 
and  its  harmonics  are  electrically  induced,  although  their 
sources  are  not  totally  known.  The  amplitudes  at  60  and  120 
hz  are  given  in  table  2. 

Figure  5  provides  a  typical  beam  motion,  in  time  domain, 
at  horizontal  pue  8  measured  during  the  wet  conditions 
(4/21/91).  The  top  trace  shows  the  motion  when  both  the 
NSLS  booster  and  HFBR  compressor  are  off.  The  middle 
trace  shows  the  motion  when  NSLS  booster  is  turned  on  with 
peaks  occurring  every  1.5  seconds.  The  bottom  trace  shows 
the  motion  with  both  NSLS  booster  and  HFBR  compressor  on. 
It  should  be  noted  that  p-p  11.89  hz  motion  in  figure  5  is 
about  250  microns  (5  boxes  x  50  microns  —  250  microns  p- 
p).  This  motion  is  larger  by  a  factor  of  3.7  to  that  measured 
in  figure  3  (12  mv  rms  x  5.6  microns /mv  p-p  =  67.2  microns 
p-p).  This  is  due  to  the  dry  conditions  that  existed  when  the 
measurements  were  made  for  figure  3  (5/3/93). 
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Table  2.  Peak-to-peak  beam  motion  at  various 

frequencies. 
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Fig.  5.  Time  domain  beam  motion  at  PUE  08  (measured 
4/21/91  -  heavy  rainfall  conditions) 
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Abstract 

A  fast-digital  feedback  system  stabilizing  the  photon  beam 
position  for  a  beamline  was  tested.  A  DSP  (digital  signal 
processor)  board  linked  with  16-bit  ADC  and  14-bit  DAC 
boards  was  used  as  a  digital  controller  of  the  feedback  system. 
The  DSP  system  sampled  the  signals  from  a  photon  beam 
position  monitor  at  a  high  rate  of  10  kHz  and  set  the  magnet 
currents  for  a  3-magnet  orbit  bump  steering  system  at  the 
same  rate.  The  system  frequency  response  was  easily  compen¬ 
sated  in  gain  and  phase  by  programming.  As  a  result,  the 
feedback  system  well  suppressed  the  beam  motion  up  to  100 
Hz. 


I.  INTRODUCTION 


H 


In  the  Photon  Factory  (PF),  a  local  feedback  system 
dedicated  to  a  beamline  should  be  so  designed  that  it  can  cover 
a  wide  frequency  range,  because  the  frequency  components  of 
the  photon  beam  motion  at  the  beamline  spread  up  to  100  Hz. 
The  beam  motion  is  caused  by  various  disturbances  such  as 
ring  building  distortion  due  to  thermal  slrcss[l],  temperature 
variations  of  the  cooling  water  for  the  PF  storage  ring,  stray 
magnetic  field  variations  of  the  TRISTAN  acceleration- 
deceleration  cycle  and  floor  vibrations[21. 

The  local  feedback  systems  controlled  by  the  analog 
circuits  have  been  developed  in  many  facilitics[3-5]  and  also  in 
the  Photon  Factory[6],  Although  the  analog  controllers  had  a 
fast  feedback  speed,  they  generally  had  difficulty  in  high-level 
computation  and  easy  modification  of  their  transfer  functions. 
Recently  DSPs  have  made  great  progress  in  processing  speed 
and  come  to  be  used  as  controllers  of  various  fast  feedback 
systems  in  place  of  analog  circuits.  In  fact,  a  global  orbit 
feedback  system  was  designed  by  use  of  a  DSP  board[7]. 
Therefore  we  constructed  a  local  feedback  system  digitally 
controlled  by  a  DSP  system  and  tested  it  at  a  bcamline.  In 
this  paper,  we  present  the  feedback  system  and  the  test  result. 

II.  SYSTEM  DESCRIPTION 

The  feedback  system  is  composed  of  a  new  fast-digital 
controller,  existing  photon  beam  position  monitor,  vertical 
steering  magnets  and  power  supplies.  Figure  1  shows  the 
block  diagram  of  the  feedback  system.  The  controller  is  a 
DSP  system  (LORY  ACCEL  from  mu),  which  consists 
mainly  of  a  32-bit  floating-point  DSP  (TMS320C30)  board,  a 
4-channel  ADC  board  with  16-bit  resolution  and  an  8-channcl 
DAC  board  with  14-bit  resolution.  The  DSP  board  is  linked 
with  ADC  and  DAC  boards  through  a  DSP  local  bus  in  the 
system  case  and  connected  to  the  bus  of  a  PC9801  micro¬ 
computer  (from  NEC).  The  photon  beam  position  monilor[8) 


Figure  1.  Block  diagram  of  the  feedback  system. 

is  located  at  branch  C  of  beamline  4  (BL-4C)  and  the  three 
vertical  steering  magncts[9]  near  bending  magnet  4  (BM4). 
The  steering  magnets  make  a  closed  orbit  bump  to  cancel  the 
beam  position  displacement  detected  by  the  monitor. 

A  control  program  is  coded  in  C-language  and  com- 
pilcd/linked  with  the  PC9801  microcomputer,  and  then  it  is 
downloaded  to  the  DSP.  The  feedback  is  switched  on/off  by 
the  keyboard  of  the  microcomputer  and  can  be  programmed. 
While  the  DSP  system  running,  the  microcomputer  numeri¬ 
cally  and  graphically  monitors  various  parameters  such  as  the 
photon  beam  position  and  the  setting  currents  of  the  magnet 
power  supplies.  The  sampling  rate  of  the  ADC  data  can  be 
increased  up  to  10-20  kHz  with  normal  action  of  the  DSP 
system.  The  setting  of  the  DAC  data  follows  the  sampling  of 
the  ADC  data  with  a  time  lag  of  the  sampling  time.  The 
upper  limit  of  the  sampling  rate  is  basically  decided  by  the  I/O 
control  lime  and  also  depends  on  the  computation  time.  The 
sampling  rate  was  set  at  10  kHz  during  the  test. 

III.  TRANSFER  FUNCTION 

The  transfer  function  of  the  feedback  system  is  divided  into 
two  components  G(z)  and  H(z),  which  correspond  to  the 
controller  and  the  rest  including  the  magnets,  power  supplies 
and  monitor.  Although  H(z)  is  mainly  dominated  by  eddy 
currents  of  the  PF  aluminium  vacuum  chamber,  G(z)  is 
decided  by  the  control  program.  Therefore  the  open-loop  and 
closed-loop  transfer  functions  of  the  feedback  system  defined 
by  G(z)H(z)  and  l/(l+G(z)H(z))  can  be  modified  easily  by 
programming. 

The  feedback  system  was  tested  for  five  different  cases 
(Cases  A  to  E)  where  the  system  has  different  transfer 
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Figure  2.  Open-loop  frequency  response  curves  for  Cases  A,  B 
and  C.  In  Case  B  and  C,  only  the  gain  is  compensated. 


Fr«qu«ncy(Hz) 


Figure  3.  Open-loop  frequency  response  curves  for  Cases  D 
and  E,  and  a  closed-loop  gain  curve  for  Case  E.  In  these  cases, 
both  the  gain  and  phase  are  compensated. 


functions.  Figure  2  shows  open-loop  transfer  functions  for 
Cases  A  to  C  in  terms  of  their  frequency  response  curves.  In 
Case  A,  the  controller  is  programmed  to  simply  set  the 
currents  of  the  power  supplies  which  correspond  to  the  DC 
bump  strength  cancelling  the  beam  position  displacement.  In 
Cases  B  and  C,  a  simple  gain  compensation  is  given  in  the 
control  program.  As  a  result,  the  system  gets  a  higher  open- 
loop  gain  by  a  factor  of  3  (14  dB)  and  10  (20  dB)  than  in  Case 
A,  though  it  still  has  the  same  phase  response  as  in  Case  A. 
For  these  three  cases,  G(z)  is  expressed  with  the  frequency  f 
and  sampling  time  T,  (=  100  ps)  for  f  «  1/T,  as  follows: 

G(z)  =  K  z'  2  ( z  =  e  2*jfr* ).  (1) 

Here  j  is  an  imaginary  number  (j2  =  -1).  K  =  1,  K  =  5  and  K 
-  10  are  taken  for  Cases  A  to  C  respectively.  From  this  equa¬ 
tion,  the  contribution  of  the  controller  to  the  whole  transfer 


function  is  estimated  to  be  negligibly  small  (only  5.4-degree 
phase  rotation  at  100  Hz).  In  Case  C,  the  open-loop  gain  re¬ 
sponse  has  no  sufficient  gain  margin  when  the  phase  response 
curve  crosses  -180-degree  line.  Therefore,  the  system  was  ex¬ 
pected  to  be  unstable  with  the  loop  closed. 

Figure  3  shows  open-loop  frequency  response  curves  for 
Cases  D  and  E.  In  these  cases,  both  gain  and  phase  compensa¬ 
tions  are  added  to  the  control  program.  G(z)  is  given  by  the 
following  expression  including  two  additional  compensation 
terms: 


G(z)  =  Kz-|gc(z), 


where 
Gc(z)  = 


1  + 


1+z* 


l 


2  (T/Tj)  (1-z'1)  | 
x  i  +  ovro  (i-z1) 

1  +  0.1  (Td/T.)  (1-z1) 


(2) 


(3) 


K  =  0.0316  and  K  =  0.1  are  taken  for  Cases  D  and  E.  The 
first  term  with  the  integral  time  T,  (=  100  ps)  in  Eq.  (3)  has  a 
gain  curve  with  an  approximate  rate  of  -20  dB  per  frequency 
decade  for  f  «  1/T,  and  improves  the  loop  gain  especially  in  the 
low  frequency  region.  The  second  term  with  the  differential 
time  Td  (=  5.3  ms)  suppresses  the  phase  rotation  due  to  H(z) 
and  the  first  term  to  guarantee  sufficient  gain  and  phase 
margins  for  the  system  stability.  The  computation  time  for 
these  compensation  terms  is  about  10  ps  and  much  shorter 
than  the  sampling  time. 

IV.  TEST  RESULT 

First  the  feedback  loop  was  closed  for  the  five  different 
cases  described  in  the  previous  section.  Figure  4  shows  the 
beam  stability  recorded  by  a  chart  recorder  (bandwidth  -  5  Hz) 
for  Cases  A,  B,  D  and  E.  In  Case  A,  the  beam  stabilization 
by  the  feedback  system  was  clearly  found  to  be  incomplete.  In 
Case  B,  the  system  gave  better  beam  stability  than  in  Case  A, 
but  the  performance  was  not  yet  enough.  The  system  in  Case 
C  became  unstable  as  expected  in  the  previous  section.  On 
the  other  hand,  the  system  in  both  Cases  D  and  E  nicely 
suppressed  the  beam  motion  within  a  few  pm.  The  good 
performance  is  produced  by  the  high  loop  gain  especially  in 
the  low  frequency  region. 

Next  the  frequency  spectra  of  the  monitor  signal  were 
measured  for  Case  E  before  and  after  the  feedback  loop  was 
closed.  In  Case  E,  the  system  has  the  best  transfer  function, 
because  it  almost  keeps  the  highest  loop  gain  from  0  to  100 
Hz  without  losing  the  system  stability.  Figure  5  shows  the 
various  frequency  components  with  the  loop  open  and  closed. 
From  this  figure,  the  system  was  found  to  significantly 
suppress  the  frequency  components  peaking  from  0  to  100  Hz. 
The  14.5  Hz  component  was  reduced  by  -24  dB  and  the  50  Hz 
component  by  -12  dB.  This  was  in  good  agreement  with  the 
closed-loop  gain  curve  of  the  system  foi  Case  E  shown  in 
Figure  3. 
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Figure  4.  Typical  chart  recording  without  and  with  feedback 
for  Cases  A,  B,  D  and  E.  In  Case  C,  the  system  became 
unstable  with  feedback. 
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Figure  5.  Frequency  spectra  of  the  position  monitor  signal 
without  and  with  feedback  for  Case  E. 


V.  CONCLUSIONS  AND  FURTHER 
DEVELOPMENT 

The  local  feedback  system  controlled  by  the  DSP  system 
successfully  stabilized  the  beam  motion  up  to  100  Hz.  The 
gain  and  phase  compensations  improving  the  beam  stability 
could  easily  be  added  and  modified.  These  facts  mean  that  the 
feedback  system  has  both  good  feedback  performance  and 
flexibility.  However,  further  development  must  be  done  to 
use  such  a  system  for  actual  operation  at  some  beamlines. 
The  values  of  the  compensation  parameters  T,  and  Td  in  Eq. 
(3)  were  properly  chosen  but  not  fully  optimized.  Further 
optimization  will  improve  the  feedback  performance.  The 
monitoring  of  interlock  signals  related  to  the  system  is  also 
required  for  automatic  feedback  on/off.  In  addition,  the  DSP 
system  should  be  applied  to  a  4-magnet  orbit  bump  steering 
system  with  two  position  monitors  to  stabilize  both  the 
position  and  direction  of  the  beam  at  a  light  source  point. 
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At  the  Photon  Factory,  the  storage  ring  with  an  elliptic 
shape  varies  its  size  due  to  heat  generated  from  many 
accelerator  components  and  beamline  instruments  packed  in 
the  ring  building  as  well  as  due  to  solar  irradiation  and 
atmospheric  heat.  We  continuously  measured  the  major  axis 
length  of  the  ring  with  a  laser  interferometer,  and  also 
measured  temperatures  at  the  building  roof  slab  and  on  two 
floors  of  ring  tunnel  and  experimental  hall.  It  was  found  that 
the  long-term  variation  in  the  major  axis  length  is  well 
reproduced  by  a  computer  simulation. 

1.  INTRODUCTION 

The  storage  ring  floor  of  the  Photon  Factory  had  been 
earlier  reported  to  move  both  horizontally  and  vertically  due  to 
the  external  thermal  stress  on  the  building  roof  and  walls.  The 
vertical  floor  displacement  was  measured  with  a  hydrostatic 
level  measuring  system  [1].  On  the  other  hand,  the  horizontal 
and  diurnal  floor  movement  was  evaluated  from  the  variations 
in  the  circumference  and  also  in  the  major  axis  of  the  storage 
ring  [2].  The  circumference  variation  was  given  in  terms  of 
the  RF  frequency  required  to  sustain  the  central  orbit,  while 
the  major  axis  was  measured  with  a  system  of  laser 
interferometer. 

However,  it  was  found  that  there  may  be  other  sources  of 
thermal  stress  which  cause  the  ring  building  to  be  largely 
distorted  [2].  Further  accumulation  of  data  for  several  months 
has  made  it  clear  that  the  floor  movement  is  more  precisely 
described  by  including  internal  thermal  loads  on  the  ring  floor 
and  experimental  floor:  the  internal  thermal  loads  may  come 
mostly  from  the  accelerator  components  such  as  ring  magnets 
and  cooling  water  pipes,  and  partly  from  the  beamline 
components. 

To  ascertain  that  both  external  and  internal  thermal  loads 
actually  give  rise  to  the  major  axis  variation,  we  first 
calculated  the  expansion  rate  of  the  major  axis  to  a  unit 
thermal  load  (1°C  temperature  rise  of  structure)  imposed  on 
each  of  the  roof  slab,  experimental  hall  floor  and  ring  tunnel 
floor,  three  different  parts  of  the  building  structure,  where  the 
measurement  of  temperature  had  also  been  made.  Using  the 
expansion  rates,  we  next  reconstructed  the  major  axis  variation 
from  the  measured  temperatures.  Indeed,  the  reconstructed 
variation  in  the  major  axis  has  a  good  agreement  with  the 
measured  one,  the  data  taken  by  the  laser  interferometer 
system. 

2.  MEASUREMENT  OF  MAJOR  AXIS 

The  Photon  Factory  storage  ring  has  an  elliptic  shape  with 
a  circumference  of  about  187  m.  Its  major  axis  of  ellipse  is 
about  68  m  and  the  minor  axis  50  m.  Figure  1  shows  a  plan 
view  of  the  storage  ring  building  composed  of  the  ring  tunnel 
and  the  experimental  hall.  Sinre  October  1991,  the  length 
variation  in  the  major  axis  was  being  measured  with  the  laser 
interferometer  system,  as  illustrated  in  Fig.  1  (the  overall 
measurement  error  of  the  laser  system  was  estimated  to  be  less 
than  several  microns  [2]).  At  the  same  time,  temperature  data 


were  taken  on  the  building  roof  with  thermocouples  and  also 
on  the  floors  of  both  ring  tunnel  and  experimental  hall  with 
thermistors. 


Figure  1.  Plan  view  of  the  storage  ring  building  of  the 
Photon  Factory;  the  ring  tunnel  and  experimental  hall. 
Also  illustrated  in  the  figure  is  the  measurement  system  of 
the  major  axis  length,  which  consists  of  a  laser 
interferometer,  vacuum  pipe  and  reflector. 

Figure  2  shows  two  typical  examples  of  these  measured 
data;  one  is  data  taken  on  February  29  to  March  6  in  1992 
(Data  A)  and  the  other  on  June  26  to  July  7  (Data  B).  The 
roof  temperature  Tr  is  the  average  of  the  temperatures 
measured  on  the  upper  and  lower  surfaces  of  the  roof  slab. 
Filtered  data  denoted  in  the  figure  are  "low-pass  filtered"  data  in 
which  shoi  -term  fluctuations  with  a  period  of  less  than  a  few 
days  are  filtered  out,  and  the  filtered.  The  filtered  data  of  Ts 
and  Te  in  the  figure  are  those  of  the  averaged  temperatures. 
For  Data  A,  the  ring  first  expanded  and  then  contracted  with 
the  major  axis  variation  of  about  200  pm.  The  data  imply 
that  the  major  axis  variation  tends  to  follow  the  temperature 
variations  in  the  roof  (coming  from  external  thermal  loads)  and 
in  the  ring  floor  (mainly  coming  from  internal  loads),  but  that 
it  is  insensitive  to  the  temperature  at  the  experimental  hall. 
On  the  other  hand,  in  the  latter  half  pan  of  Data  B  the  major 
axis  variation  seems  to  correspond  to  the  temperature  rise  of 
the  experimental  hall. 

3.  SIMULATION 

A  computer  simulation  based  on  a  finite  element  method 
has  been  carried  out  to  evaluate  the  expansion  of  the  major 
axis  to  unit  thermal  loads  that  are  individually  imposed  on  the 
roof  slab  and  two  floors  of  ring  tunnel  and  experimental  hall. 
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Figure  2.  Variation  in  the  major  axis  and  temperatures  in  three  different  parts  of  the  building  structure.  The  Ts,  Tr 
and  Te  denote  the  temperatures  at  the  storage  ring  floor,  the  roof  and  the  experimental  hall  floor,  respectively. 


The  structure  modeling  for  simulation  is  already  described  in 
Reference  [1]  and  [2],  Thereafter,  the  expansion  rate  of  the 
major  axis  to  a  unit  load  is  called  thermal  weighting  factor. 
The  result  of  simulation  is  shown  in  Fig.  3,  where  the  ring 
expansion  due  to  thermal  loads  is  exaggeratedly  depicted.  As 
seen  in  the  figure,  the  major  axis  of  the  ring  is  more 
susceptible  to  the  temperature  variation  in  the  ring  tunnel  than 
in  the  other  two. 

labte  1  Thermal  weighting  factors  of  the  major  axis  expansion 

locations  weighting  factors  [pm/  °  Cl 

Ring  floor  (Cl)  220 

Roof  (C2)  86.7 

_  Exp,  floor  (C3)  _ 37_3 _ 

The  thermal  weighting  factors  defined  above,  which  we  can 
calculate  from  the  simulation,  are  listed  in  Table  1.  Hence  the 
variation  in  the  major  axis  may  be  written  as 
AL-Co  +  C.TWOTV+Cjr,  , 


where  the  Co  is  a  constant  to  adjust  the  data  offset  and  the 
other  C’s  are  given  in  Table  1 . 

4.  COMPARISON 

To  compare  the  measured  variations  in  the  major  axis  with 
the  ones  calculated  using  the  temperatures  at  three  different 
parts  of  thr  building  structure,  the  following  procedures  were 
taken: 

(1)  We  take  the  average  of  temperatures  measured  at  three 
points  along  a  beamline  in  the  experimental  hall  (see  Fig. 
2),  and  assume  that  the  temperatures  in  the  whole 
experimental  hall  be  represented  by  the  average. 
Similarly,  we  also  take  the  average  of  temperatures 
measured  at  several  points  of  the  ring  tunnel. 

(2)  Then,  all  data,  the  measured  variation  in  the  major  axis 
and  the  temperatures  of  the  roof,  experimental  hall  and 
ring  tunnel,  are  low-pass  filtered  as  described  in  Sec.  2, 
because  we  are  mainly  interested  in  a  long-term  behavior 
of  the  building  distortion  in  this  paper. 
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(3)  Finally,  we  substitute  three  filtered  data  of  temperature 
into  Eq.  (1)  to  obtain  an  estimate  of  the  major  axis 


Figure  3.  Simulated  horizontal  displacements  of  the 
storage  ring  for  unit  thermal  loads,  which  are  separately 
applied  to  three  different  parts  of  the  building  structure; 
roof,  experimental  hall  floor  and  the  ring  tunnel  floor. 

Figure  4  shows  the  measured  and  calculated  variations  ALs 
in  the  major  axis  of  the  ring  for  the  same  periods  of  time  as  in 
Fig.  2.  The  calculated  AL  well  agrees  with  the  measured  one, 
though  there  is  still  a  little  amount  of  fluctuation  in  the 
calculated  AL.  We  have  also  made  a  similar  comparison  for 
raw  data  of  temperature,  which  is  not  presented  here.  In  this 
case,  not-filtered  fluctuations  of  temperature,  that  is,  diurnal 
and  more  rapid  ones,  directly  reflect  on  the  calculated  AL, 
whereas  raw  data  of  the  major  axis  have  an  amplitude  of 
diurnal  or  rapid  fluctuation  by  a  factor  of  two  or  more  smaller 
than  the  calculated  one.  This  is  probably  because  the  true 
average  of  the  roof  temperatures  is  not  accurately  represented 
by  the  averaged  data  Tr>  which  include  largely  changeable 
temperature  on  the  upper  surface  of  roof.  However,  it  is  clear 
that  the  above  procedures  are  valid  enough  to  investigate  long¬ 
term  variations. 

In  conclusion,  the  long-term  variation  in  the  major  axis 
length  of  the  Photon  Factory  storage  ring  was  well  reproduced 
by  a  computer  simulation  using  the  measured  temperatures, 
and  it  was  found  that  both  external  and  internal  thermal  loads 
give  rise  to  the  building  distortion.  As  early  reported,  the 
long-term  as  well  as  short-term  distortions  of  the  ring  closed 
orbit,  whatever  their  cause  is,  have  already  been  suppressed  by 
an  orbit  feedback  system.  Since  the  Photon  Factory  ring  is  a 
second-generation  synchrotron  light  source,  however,  both 
thermal  loads  may  seriously  affect  the  performance  of  a  third- 
generation  light  source. 

5.  SUMMARY 

The  following  is  a  summary  of  the  results  obtained  from 
the  above-mentioned  measurement  and  analysis; 

(1)  Thermal  weighting  factors  of  three  different  structure 
parts  of  the  ring  building  were  evaluated  using  a 
computer  simulation  model.  The  simulation  showed 
that  the  weighting  factor  of  the  ring  tunnel  floor  has  a 
larger  value  than  the  other  two,  though  the  temperature 
itself  is  more  stable  at  the  tunnel  floor. 

(2)  Since  the  measurement  of  temperature  is  limited  to 
some  localized  places  in  the  whole  building,  there 


might  be  some  unknown  sources  that  greatly  affect  the 
variation  in  the  major  axis.  The  measured  variations  in 
the  major  axis  length,  however,  showed  a  good 
agreement  with  the  calculated  ones  that  were  calculated 
only  using  three  temperature  data  and  the  weighting 
factors  evaluated  from  a  computer  simulation.  Thus  we 
may  conclude  that  the  temperature  variations  in  three 
kinds  of  structure  parts  of  the  building,  that  is,  roof, 
experimental  hall  and  ring  floor,  are  major  sources  for 
horizontal  movement  of  the  Photon  Factory  storage 
ring  building. 


Figure  4.  Measured  and  calculated  variations  of  the  major 
axis.  Note  that  filtered  data  are  treated  here. 
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Abstract 

A  theory  of  global  orbit  correction  using  the  technique  of 
singular  value  decomposition  (SVD)  of  the  response  matrix 
and  simulation  of  its  application  to  the  Advanced  Photon 
Source  (APS)  storage  ring  are  presented  The  response  matrix 
relates  beam  motion  at  the  beam  position  monitor  (BPM) 
locations  to  changes  in  corrector  magnet  strengths.  SVD 
reconfigures  the  BPMs  and  correctors  into  the  same  number  of 
"transformed"  BPMs  (t-BPMs)  and  "transformed"  correctors 
(t-correctors),  each  t-BPM  being  coupled  to  at  most  one  t- 
corrector  and  vice  versa  with  associated  coupling  strength 
which  determines  the  efficiency  of  orbit  correction.  The 
coefficients  of  these  linear  transformations  can  be  used  to 
determine  which  BPMs  and  correctors  are  the  most  effective. 
Decoupling  the  weakly  coupled  pairs  will  enhance  the  overall 
correction  efficiency  at  the  expense  of  accuracy.  The  orbit 
errors  at  decoupled  t-BPMs  are  conserved  and  the  strengths  of 
decoupled  t-correctors  can  be  adjusted  appropriately  to 
optimize  the  actual  corrector  strengths.  This  method  allows 
for  estimating  the  limitation  on  orbit  correction  with  given  sets 
of  BPMs  and  correctors,  as  well  as  optimizing  the  corrector 
strengths  without  overloading  the  corrector  magnet  power 
supplies. 

L  INTRODUCTION 

The  third  generation  synchrotron  light  sources,  of  which 
the  Advanced  Photon  Source  (APS)  is  one,  are  characterized 
by  low  emittance  of  the  charged  particle  beams  and  high 
brightness  of  the  photon  beams  radiated  from  insertion 
devices.  Transverse  stability  of  the  {article  beams  is  a  crucial 
element  in  achieving  these  goals  and  the  APS  will  implement 
extensive  beam  position  feedback  systems,  which  include  320 
corrector  magnets,  360  positron  beam  position  monitors 
(BPMs)  distributed  around  the  storage  ring,  miniature  BPMs 
for  insertion  device  beamlines,  and  photon  beam  position 
monitors  in  the  front  end  of  X-ray  beamlines. 

The  beam  position  feedback  systems  can  largely  be  divided 
into  the  global  and  local  feedback  systems  according  to  the 
extent  of  correction,  and  the  DC  and  AC  feedback  systems 
according  to  the  bandwidth  of  correction. 

In  this  work,  we  will  concentrate  on  the  theory  of  DC 
global  orbit  correction  and  its  application  to  the  APS  storage 
ring.  We  will  show  that  the  global  response  matrix  relating 
the  beam  motion  at  selected  BPMs  and  changes  in  steering 


corrector  strengths  can  be  transformed  into  a  diagonal  matrix. 
The  mechanism  of  this  transformation  is  provided  by  the 
technique  of  singular  value  decomposition  (SVD)[l-3]  of 
matrices.  Each  diagonal  element  represents  the  correction 
efficiency  of  an  orbit  correction  channel  and  the  channels  are 
independent  of  one  another.  The  AC  global  orbit  correction  is 
then  equivalent  to  a  combination  of  the  DC  global  correction 
algorithm  and  multiple  non-interacting  feedback  systems.  The 
analysis  of  a  single-channel  feedback  system  in  frequency  and 
time  domains  is  treated  in  Ref.  [4]. 

n.  THEORY 

Let  us  consider  M  BPMs  and  N  correctors  used  for  closed 
orbit  correction  in  the  storage  ring.  The  i-th  BPM  has  beta 
and  phase  functions  (P„  y,),  and  similarly,  the  j-th  corrector 
has  (Pcj.  Vcj)-  The  response  matrix  Ry  corresponding  to  the 
beam  motion  at  the  i-th  BPM  per  unit  angle  of  kick  by  the  j-th 
corrector  is  then  given  by  [5] 

Ru  =  2rinfe cos ('Vi '  Vd ~  ^  (,) 

v  is  the  betatron  tune  of  the  machine.  The  response  matrix  Ry 
can  be  obtained  from  measurements  by  reading  beam  position 
changes  while  varying  the  corrector  strengths  one  by  one. 

-4.  SVD  Formalism 

With  (he  response  matrix  R  thus  obtained,  we  write  R  as  a 
product  of  three  matrices  U,  W,  and  V  as  [1] 

R  =  U-W-VT,  (2) 

where  U  is  an  M  x  M  unitary  matrix  (l^-U  =  U  U7  =  1),  W  is 
an  M  x  N  diagonal  matrix  with  positive  or  zero  elements,  and 
V  is  an  N  x  N  unitary  matrix  (VT  V  =  V  VT  =  1).  M  is  the 
number  of  BPMs  and  N  is  the  number  of  correctors.  This 
decomposition  is  unique  only  to  a  certain  extent,  and  there  are 
other  ways  of  decomposing  the  matrix  R.  [2, 3] 

Let  us  denote  by  Ax  the  global  orbit  change  due  to  the 
corrector  strength  change  A0  and  define 

Ax’  =  IJT-Ax  and  A81  =  VT  A0.  (3) 

Then,  from  Eqs.  (2)  and  (3)  we  have 

Ax'  =  WA01.  (4) 
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Equation  (3)  is  the  rule  of  transformation  for  the  BPMs  and 
correctors.  Ax'  and  AO*  are  the  vectors  in  the  transformed 
BPM  (t-BPM)  space  and  transformed  corrector  (t-corrector) 
space,  respectively.  The  columns  of  the  matrices  U  and  V  are 
the  orthogonal  basis  vectors  (u,}  and  {vj}.  The  elements  of 
the  matrix  W  is  given  by 

Wy  =  j)  By .  (5) 

We  call  these  diagonal  elements  wn  (£  0,  linS  min(M,  N)) 
eigenvalues,  which  represent  the  coupling  efficiency  between 
the  t-BPMs  and  t-correctors.  The  matrix  R  is  singular  if  any 
of  the  eigenvalues  are  equal  to  zero.  The  basis  vectors  are 
related  through  the  relation 

R-v„  as  w„  u„ .  1  £  n  £  min  (M,  N)  (6) 

B.  Matrix  Inversion  and  Orbit  Correction 

Let  Ax  be  the  orbit  error  given  by  the  difference  between 
the  reference  orbit  x,  and  the  current  orbit  xm.  That  is, 

Ax  =  xr-xm.  (7) 


orbit  correction.  Usually,  c  is  set  to  the  smallest  value  such 
that  none  of  the  power  supplies  saturates. 

For  a  given  matrix  R,  we  define  em(R)  as 

em(R)  =  max  {e  I  wn  >  e  w,^  for  all  wn  *0}.  (13) 

That  is,  £m  is  the  largest  possible  value  for  e  in  order  to  retain 
all  non-zero  eigenvalues.  The  inverse  matrix  Rinv  satisfies 

R-Rj„V‘R  =  R  (e£ej  and  Rinv  R  Rinv  =  Rjnv  (for  all  e).  (14) 

C.  Minimization  of  Orbit  Error 

Orbit  correction  when  the  number  of  BPMs  M  is  not  larger 
than  the  number  of  coupled  channels  C  (<  min(M,  N))  is 
trivial  since  the  solution  that  satisfies  Eq.  (8)  always  exists. 
Let  us  now  consider  the  case  when  M  is  larger  than  C,  the 
maximum  number  that  does  not  saturate  the  corrector 
strengths,  and  let  Ax  be  the  initial  orbit  error.  Then  the  new 
difference  orbit  Ax’  after  applying  the  correction  AO  given  by 
Eq.  (9),  using  Eqs.  (2)  and  (3),  is 

Ax’  =  (1  -  R-Rinv)  Ax  =  IM1  -  W  Winv)  lF  Ax,  (15) 


In  order  to  bring  the  orbit  to  the  reference  orbit,  we  need  to 
calculate  AO  such  that 


RAO  =  Ax.  (8) 

In  case  such  solutions  do  not  exist,  we  want  the  solution  that 
minimizes  the  difference  IR-A0  -  Axl.  SVD  provides  this 
solution  as 


AO  =  Rinv-Ax,  (9) 

where 

RiDv  =  v-winv-uT.  (10) 

WiDV  is  a  diagonal  matrix  of  dimension  N  x  M  and  the 
elements  are  given  by 


Winvjj  =  9min(ij)  ^ij> 


(ID 


where 


9n  = 


0.  W„  £  CWnua 

—  otherwise. 
wn 


(l£  n  <,  min  (M,  N))  (12) 


e  is  the  singularity  rejection  parameter  in  the  range  [0,1].  This 
parameter  is  determined  primarily  by  the  orbit  correction 
needs  and  the  corrector  strength  limits.  Zero  q„’s  correspond 
to  decoupled  channels  which  do  not  contribute  to  orbit 
correction. 

When  £  *>  0,  all  the  non-zero  eigenvalues  are  retained  and 
the  most  accurate  correction  will  result.  However,  this  will 
require  very  robust  power  supplies  for  the  correctors.  On  the 
other  hand,  if  £  =  1,  Rinv  is  a  null  matrix  and  (here  will  be  no 


or,  in  the  t-BPM  space. 

Ax"  =UtAx’  =  (1  -  WWinv)Ax'.  (16) 

Since  the  transformation  conserves  vector  norm,  Eq.  (16) 
gives 

|  Ax’ |  =  |  Ax"  |  *  ^  f  IAx‘jl2j1/2.  (17) 

In  Eq.  (17),  the  position  error  Ax';  is  reduced  to  zero  for 
the  coupled  t-BPMs  (1  <  i  <  C)  after  correction,  while  it  is 
conserved  for  the  decoupled  t-BPMs  (C  +  1  <  i  <  M). 
Therefore,  the  orbit  error  cannot  be  reduced  further  than  given 
by  Eq.  (17)  unless  C  is  increased  by,  e.g.,  optimizing  the 
corrector  strengths.  This  is  also  proven  by  showing  that  the 
corrector  strengths  are  not  changed  any  more.  From  Eq.  (14), 

A0'  =  Rjnv-Ax'  =  (Rjnv  -  RinvR-Rinv)-Ax  =  0.  (18) 

Particularly,  with  C  equal  to  N,  Eq.  (17)  is  the  absolute 
minimum  beyond  which  no  further  orbit  correction  is  possible 
by  any  method.  However,  in  reality,  error  in  the  measurement 
of  the  response  matrix  R,  changes  in  the  machine  condition, 
and  external  perturbations  cause  residue  in  the  closed  orbit 
error.  Correction  of  this  error  is  done  by  AC  orbit  correction 
with  appropriate  bandwidth. 

D.  Optimization  of  Correctors 

When  the  number  of  correctors  N  is  larger  than  C,  the 
number  of  coupled  channels,  the  correctors  can  then  be 
optimized  in  various  ways.  Between  successive  corrections  of 
the  closed  orbit,  some  of  the  correctors  can  be  close  to 
saturation,  thus  preventing  any  further  corrections.  In  this 
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(23) 


case,  if  N  is  larger  than  C,  the  decoupled  t-correctors  can  be 
used  to  relieve  those  correctors. 

Let  V,  be  the  submatrix  of  V  that  corresponds  to  the 
decoupled  t-correctors.  That  is, 

V,y  =  ViJ+c.  (iSiSN.ISjSN-C)  (19) 

The  desired  corrector  strengths  change,  AO,,  is  transformed  in 
the  subspace  of  t-correctors  spanned  by  the  corrector  basis 
vectors  Vj  (C+l  £  j  S  N)  and  then  inverse-transformed.  The 
resulting  AO,1  given  by 

AO,’  =  V,  V,T  AO,  (20) 

will  then  be  the  closest  to  the  AO,  while  disturbing  the  orbit 
the  least.  As  a  special  case,  when  AO,  =  0,  we  have 

|a0|  =  | A0‘j  =  | Ae*j|2 j1/2  (21) 

since  AO^  =  0  for  the  decoupled  t-correctors  (C  +  1  <  j  <  N). 
That  is,  IA0I  given  by  Eq.  (21)  is  the  minimum  value  possible. 
Particularly,  when  C  =  N,  it  is  the  absolute  minimum  among 
all  solutions  that  satisfy  Eq.  (8). 

In  a  similar  manner,  if  0  is  the  current  corrector  strengths, 
O'  given  by 

O'  =  Rinv  R  0.  (22) 


E(j)  =  I  wnVjn2.  (1  ^  j  ^  320) 

a 

When  those  correctors  are  removed,  £m  becomes  6.656xl0  4. 

The  function  E(j)  is  a  measure  of  the  efficiency  of  the  j-th 
corrector.  A  similar  function  can  be  defined  for  the  BPMs  and 
these  functions  can  be  used  to  select  a  subset  of  BPMs  and 
correctors  with  the  condition  that  em  be  maximized. 


Fig.  1 :  The  BPM  basis  vectors  Uj,  and  Ul2  (1  <  i  <  360)  for  the 
most  strongly  coupled  channels  (w,  =  w2  =  l.MOxlO3  m/rad) 
in  the  vertical  plane  (vv  =  14.2987)  for  the  APS  storage  ring. 


will  minimize  the  overall  corrector  strengths.  In  case  N  >  C, 
further  optimization  can  be  done  by  applying  Eq.  (20). 

in.  ANALYSIS  OF  THE  APS  STORAGE  RING 

In  this  section,  we  will  analyze  global  orbit  correction  for 
the  APS  storage  ring  in  the  vertical  plane.  There  are  40  sectors 
in  the  machine  and  each  sector  has  nine  BPMs  (total  360)  and 
eight  correctors  (total  320)  available  for  global  orbit 
correction.  The  distribution  of  BPMs  and  correctors  is 
identical  for  all  sectors. 

Figure  1  shows  the  plot  of  the  BPM  basis  vectors  LJU  and 
Uj2  as  functions  of  the  BPM  index  i.  These  vectors  are 
mutually  orthogonal  and  correspond  to  the  largest  eigenvalues 
w,  and  w2  equal  to  1.140X103  m/rad.  They  also  have  the  same 
frequency  as  the  integer  tune  (vv  =  14.2987)  of  the  machine, 
which  means  that  perturbation  with  the  harmonic  number  14 
can  be  corrected  the  most  efficiently.  The  first  two  corrector 
basis  vectors  Vji  and  Vj2  show  similar  behavior. 

Figure  2  shows  the  eigenvalues  wn  (1  <  n  <  320)  in 
descending  order  when  all  BPMs  and  correctors  are  used.  The 
maximum  and  minimum  values  are  1.140xl03  and  9. 126x1 0  2 
(em  =  8.005x1 0-5)  in  units  of  m/rad,  respectively.  The 
machine  periodicity  is  exhibited  in  the  discontinuous  changes 
of  w„  at  every  40.  The  large  decrease  at  n  =  240  indicates  that 
80  of  the  correctors  are  redundant  and  therefore  do  not 
contribute  much  to  orbit  correction.  These  correctors  have  the 
smallest  values  of  the  function 


n 

Fig.  2:  Plot  of  the  eigenvalues  in  descending  order  for  the  APS 
storage  ring.  M  =  360,  N  =  320.  em  =  8.005xl0~5. 
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Abstract 

The  Advanced  Photon  Source  (APS)  will  implement  both 
global  and  local  beam  position  feedback  systems  to  stabilize 
the  particle  and  X-ray  beams.  The  relatively  thick  (1/2") 
aluminum  storage  ring  vacuum  chamber  at  corrector  magnet 
locations  for  the  local  feedback  systems  will  induce 
significant  eddy  current.  This  will  reduce  the  correction 
bandwidth  and  could  potentially  destabilize  the  feedback 
systems.  This  paper  describes  measurement  of  the  effect  of 
the  eddy  current  induced  in  the  APS  storage  ring  vacuum 
chamber  by  a  horizontal/vertical  corrector  magnet  and  its 
compensation  using  digital  signal  processing  at  4  kHz 
sampling  frequency  with  proportional,  integral,  and  derivative 
(PID)  control  algorithm  for  closed  orbit  feedback.  A  theory  of 
digital  feedback  to  obtain  the  linear  system  responses  and  the 
conditions  for  optimal  control  will  also  be  presented.  The 
magnet  field  in  the  vacuum  chamber  shows  strong  quadrupole 
and  sextupole  components  varying  with  frequency,  in  addition 
to  significant  attenuation  and  phase  shift  with  bandwidth  (-3 
dB)  of  20  Hz  for  horizontal  and  4  Hz  for  vertical  fields 
relative  to  the  magnet  current.  Large  changes  in  the  magnet 
resistance  and  inductance  were  also  observed,  as  the  result  of 
reduced  total  magnetic  energy  and  increased  Ohmic  heat  loss. 

I.  INTRODUCTION 


of  the  eddy  current  in  the  0.025"-thick  magnet  laminations 
was  measured  and  found  to  be  negligibly  small  in  a  previous 
work.  [1] 

This  paper  will  be  largely  divided  into  two  parts.  In  the 
first  part,  we  will  overview  Z-transform  and  theory  of  digital 
signal  processing  and  in  the  second  part,  we  will  present 
measurement  of  eddy  current  effect  and  its  compensation 
using  a  digital  filter  and  closed  loop  feedback.  [2, 3] 

II.  DIGITAL  SIGNAL  PROCESSING 

In  this  section,  theory  of  closed  loop  feedback  using  digital 
signal  processing  based  on  Z-transform  [2]  will  be  discussed. 

A.  Digital  Filters 

Given  a  discreet  input  sequence  (xn)  sampled  at  every  T  (= 
1/FS),  a  digital  filter  produces  an  output  sequence  {yn}  given 
by  the  difference  equation 

M  L 

Yn  -  Z  akVk-  X  bkyn-k>  (1) 

k=0  k=l 

where  {a*}  and  {bk}  are  the  filter  coefficients.  F,  is  called  the 
sampling  frequency.  The  filter  takes  M  previous  inputs  plus 
the  current  one  and  L  previous  outputs,  and  therefore,  the 
filter  is  physically  realizable  or  causal.  Performing  a  Z- 
transform  on  Eq.  (1),  we  obtain 


In  the  APS  storage  ring,  an  extensive  beam  position 
correction  system  will  be  implemented  comprised  of  many 
corrector  magnets  (318  total)  and  beam  position  monitors 
(BPMs)  monitoring  the  positions  of  the  positron  and  photon 
beams.  The  AC  corrector  magnets,  which  will  correct  beam 
motion  of  up  to  100  prad  at  25  Hz,  induce  eddy  current  in  the 
relatively  thick  (1/2”)  aluminum  vacuum  chamber  of  the 
storage  ring  for  the  local  beam  position  feedback  systems. 
This  results  in  significant  attenuation  and  phase  shift  of  the 
magnet  field  even  at  frequencies  as  low  as  5  Hz.  The  global 
orbit  feedback  system  uses  a  thin  stainless  steel  chamber  and 
is  not  significantly  affected  by  the  eddy  current  effect. 

In  order  to  avoid  the  problems  characteristic  of  analog 
circuits,  e.g.,  drift,  offset,  and  sensitivity  to  temperature 
change,  we  used  digital  signal  processing  (DSP)  and  closed 
loop  feedback  to  control  the  magnet  field  in  the  vacuum 
chamber.  A  prototype  of  the  storage  ring  sextupole  magnet 
was  used  in  this  work,  which  has  geometry  similar  to  that  of 
the  six-pole  horizontal/vertical  corrector  magnet.  The  effect 


Y(z)  =  H(z)X(z),  (2) 


where  X(z)  and  Y(z)  are  the  Z-transforms  of  {xn}  and  (yD) 
and  H(z)  is  the  filter  function  given  by 


H(z)  = 


M 

I  akzk 

k=0 


1  +  X  bkrk 

k=l 


(3) 


With  z  =  e  a  and  X  =  rtf/F,,  the  Z-transform  is  the  digital 
analog  of  the  Fourier  transform. 

The  inverse  of  the  filter  H(z)  in  Eq.  (3)  can  be  written  as 


_J _ 1 

H(z)  “  ao 


I  bkz  k 

k=0 


M 

1  +  £  -*  Z*' 


(b0  =  1) 


(4) 
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w,  (external  perturbation)  CF:  Compensation  Filter 

ARF:  Analog  Reconstruction  Filter 
PS:  Corrector  Magnet  Power  Supply 

Mg.  3:  Schematic  diagram  for  the  closed  loop  feedback  with 
’ID  control. 


f  (Hz) 


Mg.  4:  Results  of  measurement  on  the  closed  loop  feedback 
or  corrector  magnet  field:  (a)  amplitude  attenuation  and  (b) 
thase  shift.  The  parameters  used  were:  Fs  =  4  kHz,  fb  =  30 
iz,  KP  =  3,  K,  =  0.05,  and  KD  =  0.5. 


tigh  frequency  components  in  the  output  from  DSP.  It  was 
tlso  intended  to  simulate  the  BPM,  which  will  have  finite 
tandwidth  due  to  averaging  over  many  turns.  ARF  was  used 
>nly  for  closed  loop  measurements. 

For  the  open  loop  measurements  of  the  frequency 
esponse,  the  control  signal  is  at  either  the  input  of  the  CF  (u„) 


or  the  PS  (x„)  in  Fig.  3.  For  the  closed  loop  measurements, 
the  control  signal  is  at  the  input  of  the  DSP  (s„). 

The  digital  compensation  filter  (CF)  was  obtained  by 
inverting  the  digital  filter  representation  of  the  vacuum 
chamber.  Using  the  measurement  results  shown  in  Fig.  2(a), 
the  best  fit  with  four  poles  and  four  zeroes  gives 

qn  =  57.8  (uD  -  3.1575996823  un.i  +  3.5206625349  uD.2  - 
1.56793656962  un.3  +  0.2048748912  un^)  + 
1.60395604698  qn.,  -  0.276518570415  q^  - 
0.30381547655  q„.3  -  0.023772023183  qM.  (8) 

Since  no  future  samples  from  either  the  input  or  output  are 
needed  to  calculate  the  current  output,  the  filter  is  physically 
realizable  or  causal. 

The  results  of  measurements  on  By0/Bc  (Bc:  control  signal) 
with  and  without  CF  is  shown  in  Fig.  4.  Figure  5  shows  time 
domain  measurements  of  the  magnet  field  B  inside  the 
vacuum  chamber  in  response  to  the  input  square  pulses  of  15 
Hz  with  the  CF  turned  off  and  on. 


Fig.  5:  Feedback  system  response  in  the  time  domain  (a) 
without  and  (b)  with  eddy  current  compensation.  The 
parameters  used  were:  Fs  =  4  kHz,  fb  =  30  Hz,  KP  =  3,  K]  = 
0.05,  and  KD  =  0.5.  The  control  signal  is  a  15  Hz  square 
wave. 
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ie  inverse  filter  in  Eq.  (4)  can  be  used  to  compensate  for 
slog  devices  if  the  corresponding  filter  coefficients  {aj  and 
t)  can  be  obtained  by  fitting  the  frequency  response  to  Eq. 
I  with  z  =  e*a.  We  will  use  this  approach  to  compensate  for 
:  effect  of  eddy  current  in  the  vacuum  chamber. 

Closed  Loop  Feedback 

In  Fig.  1  is  shown  a  simple  closed  loop  feedback  system 
th  proportional  control  of  open  loop  gain  G.  The 
ndlimiting  filter  (BLF)  is  inserted  in  the  loop  for  stability 
asons.  It  is  a  low-pass  filter  with  bandwidth  fb  and  has  the 
ter  function 


Yih-I 


g.  1:  Closed  loop  feedback  with  digital  signal  processing. 
LF  is  the  bandlimiting  filter  with  bandwidth  of  fb. 

The  response  of  the  system  in  the  form  of  a  difference 
luation  is  given  by 

(1  +  c)  y„+i  +  (1  -  c  +  G)  yB  +  G  y„.,  =  G  (s„  +  s„.j).  (6) 

ssuming  F, »  fb,  Eq.  (6)  can  be  converted  to  a  second-order 
ifferential  equation  and  Fourier  analyzed.  In  general,  a 
osed  loop  feedback  system  with  k  open  loop  poles  can  be 
presented  as  a  filter  of  k+1  poles  in  the  complex  plane. 

The  system  is  stable  if  G  <  1  +  c  and,  assuming  G  »  1,  the 
mdwidth  of  the  closed  loop  system  is  approximately  equal  to 
fb.  It  can  be  shown  that  the  condition  for  critically  damped 
sponse  is 

^r-20,  (7) 

Gfb 

id  therefore,  the  bandwidth  of  the  optimally  controlled 
edback  system  is  roughly  equal  to  F,/20. 

in.  MEASUREMENTS 

In  this  section,  we  will  present  results  of  measurements  of 
ie  effect  of  the  eddy  current  in  the  vacuum  chamber  and  its 
xnpensation  using  digital  filters. 

.  Magnet  Impedance 

The  magnet  resistance  R  and  inductance  L  can  be  obtained 
y  measuring  the  ratio  of  voltage  and  current  on  the  magnet  as 
function  of  frequency.  The  results  show  large  changes  both 
t  R  and  L.  For  the  horizontal  field,  they  changed  from  100 


mfi  and  1 1.8  mH  at  DC  to  920  mfi  and  8.2  mH  at  200  Hz. 
For  the  vertical  field,  the  changes  were  from  80  mfi  and  8.7 
mH  at  DC  to  460  mfi  and  4.9  mH  at  200  Hz.  These  are 
mainly  attributable  to  the  eddy  current  in  the  vacuum 
chamber.  While  this  has  the  effect  of  reducing  the  magnet 
time  constant,  it  also  increases  power  consumption. 

B.  Field  Attenuation  and  Phase  Shift 

In  Figs.  2(a)  and  2(b)  are  shown  the  attenuation  and  phase 
shift  of  the  field  relative  to  the  magnet  current  as  functions  of 
frequency  at  the  cento*  of  the  vacuum  chamber  (x  =  0).  The 
vertical  field  shows  stronger  attenuation  and  phase  shift  with 
frequency  than  the  horizontal  field,  though  the  horizontal  field 
appears  to  catch  up  in  the  high  frequency  region. 

Spatially  resolved  measurement  of  the  vertical  magnet 
field  in  the  vacuum  chamber  shows  significant  quadnipole  and 
sextupole  components.  Below  20  Hz,  the  quadrupole 
component  dominates  (Ibil  *  0.12  cm*1  @  20  Hz),  while  above 
50  Hz  the  sextupole  component  becomes  stronger  (ll^l  =  0.16 
cm*2  @  100  Hz).  This  will  cause  bump  closure  error  in  the 
local  feedback  systems  and  interference  among  them  as  a 
result.  The  resolution  of  this  effect  will  be  done  by  the  global 
feedback  system. 


1  (Hz) 


Fig.  2:  (a)  Attenuation  of  the  field  efficiency  IBx  y0/II  and  (b) 
phase  shift  q>  between  the  field  and  the  current  as  functions  of 
frequency  at  the  center  of  the  vacuum  chamber  (x  =  0). 

C.  Closed  Loop  Feedback  with  PID  Control 

Figure  3  shows  the  schematic  diagram  for  closed  loop 
feedback  with  PID  control  for  the  magnet  field  in  the  vacuum 
chamber.  A  bandlimiting  filter  (BLF)  of  30  Hz  was  used  for 
these  measurements.  The  analog  reconstruction  filter  (ARF) 
is  an  analog  low  pass  filter  of  200  Hz  bandwidth  inserted  in 
front  of  the  power  supply  control  input  in  order  to  eliminate 
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Abstract 

This  paper  discuss  the  high  speed  method  of  the  oibit 
correction.  The  speed  is  affected  by  many  time-constants  such 
as  vacuum  chamber,  magnet,  position  sensor,  power  supply, 
controller,  and  beam  itself.  Hie  beam  effect  is  the  major 
concern  of  this  paper.  The  damping  effect  implies  that  the 
transfer  function  of  the  oibit  correction  contains  at  least  a 
pole.  In  the  DC  case,  the  transfer  function  becomes  the 
response  matrix  of  the  closed  oibit.  In  the  fast  feedback 
application,  this  pole  has  to  be  taken  into  account  to  avoid 
instability.  If  the  zero-pole  compensation  is  possible,  the 
correction  speed  can  be  increased.  On  the  other  hand,  the 
local  bump  method  doesn't  change  the  periodic  boundary 
condition  of  the  oibit.  Therefore,  the  local  bump  responds 
immediately  without  damping  transient.  Hie  linear 
combination  of  the  local  bump  is  fast,  but  less  degree  of 
freedom.  The  general  method  to  increase  the  correction  speed 
and  the  eddy  current  induced  sextupole  component  are 
discussed. 

I.  Introduction 


n.  Kick  Response 

The  betatron  oscillation  induced  by  a  kick  pulse  is 

*nm  =  jp m-Pn  *«>(♦. . (1) 

where  m,n  are  the  location  indices  for  the  beta  function  and 
the  phase  in  respect  to  the  observation  as  well  as  the  kick.  6  is 
the  strength  of  the  kick.  If  we  take  the  damping  effect  into 
account[l],  the  particle  oscillation  amplitude  of  the  kth  turn 
of  a  circular  accelerator  is  written  by 

Xmn(k)  =  e-^.VPm-Pn-0  •sin(27rvk  +  4»nJ  . (2) 

The  damping  factor  e'kT'/t  express  the  time  relationship 
between  the  revolution  time  T0  and  the  damping  time  r  in 
average,  v  is  the  characteristic  tune  of  the  accelerator,  and 
4>mn  =  •t’m  The  observation,  turns  by  turns,  is  actually  a 
discrete  form.  We  can  find  the  z  transform 

Xm(z)=  Zx(k)z-k  . (3) 

k =-* 

in  a  standard  text  book  [2],  with  a  general  expression 


In  the  control  system,  the  frequency  response  of  each 
subsystem  should  be  identified.  The  controller  is  then 
designed  with  proper  gain  and  phase  compensation  to  have  a 
satisfactory  dynamic  response  and  accuracy.  The  modeling  of 
the  subsystem  plays  an  important  role  in  the  design  phase.  In 
this  paper.  The  model  of  the  accelerator  from  the  control 
point  of  view  is  discussed  and  treated  with  the  beam  position 
monitor  (BPM)  together.  The  transfer  function  between  the 
input  steering  field  and  output  reading  of  the  beam  position 
contains  several  time-constants,  such  as  damping  time  and 
betatron  frequency  which  are  known  by  every  accelerator 
physicists.  Here,  all  of  these  physical  nature  is  organized  into 
a  engineering  presentation. 

There  are  many  methods  to  correct  the  beam  position. 
The  major  concern  is  the  frequency  response  of  these 
methods.  The  speed  means  the  fast  setting  and  the  high 
feedback  gain.  Both  characters  are  wanted  for  the  good 
dynamic  response  in  a  feedback  control  system.  Two 
methods,  bump  and  response  matrix,  are  selected.  The  bump 
is  fast  in  sense  of  accelerator  response.  Therefore,  the 
controller  increase  the  gain  at  high  frequency  region.  The 
response  matrix  is  accurate  and  suitable  for  the  slow 
operation.  The  combined  method  joins  the  advantages  and 
provides  the  fast  and  accurate  feedback. 


H>e~To/t  . (4) 

This  transfer  function  is  used  to  measure  the  betatron  tune 
with  the  knock-out  method.  The  betatron  oscillation  has  a 
resonant  amplitude  when  the  excitation  frequency  approaches 
the  betatron  frequency.  The  name  "knock-out”  is  no  longer 
true  for  an  electron  machine  with  damping. 

If  the  concerned  frequency  is  much  less  than  the 
revolution  frequency,  we  take  the  short  revolution  time  limit 

T0  ->  0.  The  observation  is  treated  as  a  continuous  signal, 
whose  corresponding  Laplace  transform  is[2] 


Hmn(s)  =  VPmP„  -Im 


SH - JCO , 

T 


(5) 


where  co ,  =  2ttv/T0  is  the  angular  velocity  of  the  betatron 
oscillation.  In  this  continuous-signal  approach,  the  kick 
pulse  is  becoming  a  8-function  95(t-t0).  The  transfer 
function  of  the  impulse  response  of  the  accelerator  is  just  like 
a  damped  second  order  low-pass  filter  with  a  pair  conjugate 
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poles  at  ±j«B,  j.  The  betatron  frequency  co,  is  the  upper 

limitation  of  the  feedback  frequency,  since  the  phase  changes 
very  fast  when  the  excitation  frequency  approaches  a , . 


without  oscillation  and  damping.  The  transfer  function  of  the 
local  bump  is  merely  a  matrix  without  poles  and  zeros. 

H^zVOTsMO-a,.  . (ID 

n 

Where  am  describes  the  tri-diagonal  bump  matrix 


III.  Response  Matrix 

We  define  the  discrete  unit  step  kick  of  the  kth  turn 


u(k) 


-K 


k  <0 
k>0 

The  Z  transform  of  this  function  is 


.(6) 


u(z)  =  -^y  (|z|>l)  . (7) 

The  final  state  of  the  unit  step  response  is  obtained  by  using 
the  final  value  theorem. 

lim  xTO  (k)  =  lim(z  - 1)  •  H™  (z)  •  u(z)  •  0 


Wiedemann  has  exact  the  same  expression  in  the  Chapter  7 
of  his  book  [1],  He  took  the  short  revolution  time  limit 

T#  -*  0  to  get  the  well  known  formulation  of  the  response 
matrix. 


+  8114 


(12) 


Since  the  bump  is  created  by  three  kicks,  the  column  number 
is  less  than  row  number  by  2.  This  also  means  that  the  degree 
of  freedom  for  bump  correction  is  less  than  for  matrix. 


V.  BPM 


The  beam  position  monitor  functions  like  a  radio 
receiver.  The  signal  coming  from  the  buttons  is  mixed  with 
local  oscillation  and  filtered  to  low  frequency.  Then,  we  have 
the  observation 


Oran(t)=  Z°fb(t-kT0)xinn(k)  . (13) 

k=0 

where  fb(t-kt0)  is  the  impulse  response  of  the  BPM.  This 
formula  is  rather  difficult  to  evaluate.  We  try  a  first  order  low 
pass  filter  to  make  this  calculation  clearly.  Assume  that  the 
low  pass  filter  has  the  same  time  constant  as  the  damping 
time  constant  of  the  accelerator.  The  observation  of  the 
equation  2  becomes 


. <’> 

In  many  standard  textbook,  this  formula  is  solved  by  the 
periodic  boundary  condition  without  damping  effect[3],  It 

holds  true  as  long  asT0  «  x.  In  case  of  T0  ~  x ,  the  equation 
8  has  to  be  applied.  For  a  super  big  synchrotron  light  source 
with  many  insertion  devices,  this  condition  may  occur.  With 
some  rearrangement,  we  can  prove  that  the  denominator  is 
always  greater  then  zero. 


l-2e  T,/,cos(2nv)+e  JTo/t 
=  2eT,/,^cosh^— j- 

It  implies  that  the  resonant  line  disappear.  The  damping 
effect  has  a  positive  contribution  to  avoid  resonant. 

IV.  Local  Bump 

A  local  bump  doesn't  change  the  closed  boundary 
condition[3].  Only  the  orbit  inside  the  bump  is  changed. 
There  is  no  betatron  oscillation  propagate  to  the  next  turn. 
Hence,  the  response  of  the  step  local  bump  is  immediate 


cos(2jtv)  >  0 


(10) 


0TO(t)=  iV^-x.Jk)  . (14) 

k=0 

For  the  low  frequency  application,  we  approximate  again 
with  the  same  limit  T0  ->  0. 

limO^tHe'^  A™  (15) 

Ts->0 

The  transfer  function  of  the  observation  turns  out  to  be 


HL=- 


s+ 


X 


(16) 


the  response  matrix  with  a  first  order  low  pass  filter. 


VI.  Fast  Feedback 


A  combined  correction  method  of  bump  and  response 
matrix  is  considered  here  to  apply  on  the  global  feedback 
system.  The  fundamental  idea  is  to  use  bump  method  at  high 
speed  and  response  matrix  at  low  speed.  The  response  matrix 
has  more  degrees  of  freedom,  which  allows  a  better  correction 
of  the  closed  orbit  distortion.  The  local  bump  is  usually 
applied  at  the  local  correction  of  the  photon  port  with  a  high 
setting  rate.  We  want  to  merge  the  bump  method  into  global 
feedback  system.  From  the  analysis  of  last  section,  the 
betatron  oscillation  raised  by  corrector  setting  will  not  affect 
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the  observation,  if  we  use  BPM  filter  to  smoothing  reading. 
However,  the  betatron  is  damped  with  the  speed  of  the 
damping  time  constant  which  is  independent  of  the 
smoothing  time  constant. 

The  concern  is  slow  damping  time,  which  is  in  the  range 
of  a  couple  of  millisecond.  The  fast  setting  from  the  response 
matrix  will  activate  the  betatron  oscillation.  The  photon  beam 
position  detectors  will  pick  up  the  betatron  oscillation  and 
force  the  local  bump  at  photon  port  to  correct  it.  From  this 
point  of  view,  we  have  to  reduce  the  correction  gain  at  high 
frequency  region  (>  100  Hz),  if  the  response  matrix  is 
applied.  In  the  SRRC  case,  this  attenuation  will  be 
contributed  from  the  vacuum  chamber. 


Figure  1.  System  Block  Diagram 


Figure  1.  is  the  block  diagram  of  this  combined 
correction  method.  The  BPM  readings  pass  through  the 
smoothing  filter  and  are  distributed  to  each  correction 
algorithm.  After  the  calculation,  the  setting  values  are 
compensated  in  the  high  frequency  region  for  the  bump 
method,  and  in  the  low  frequency  region  for  the  response 
matrix.  The  sum  of  two  setting  values  is  send  to  the 
correction  magnet.  We  compare  the  sum  setting  and  the  BPM 
reading  to  estimate  the  parameter  changes.  The  new 
parameter  values  modify  both  algorithms  with  the  adaptive 
method[4]. 

The  compensation  of  the  bump  method  starts  with  a  high 
pass  edge,  since  the  DC  accuracy  of  bump  is  worse  than  that 
of  the  response  matrix.  The  gain  at  higher  frequency  region 
is  enhanced  by  another  rising  edge,  which  attempt  to 
compensate  the  attenuation  from  the  vacuum  chamber.  This 
enhancement  should  be  carefully  adjusted  in  respect  to  he 
speed  of  the  correction  power  supply.  On  the  contrary,  the 
setting  from  the  response  matrix  is  enhanced  below  the  cut¬ 
off  frequency  raised  from  the  vacuum  chamber  response. 

The  correction  mechanism  transfer  the  setting  current  of 
magnet  to  steering  angle.  The  response  contains  two  poles. 
One  of  them  is  coming  from  the  vacuum  chamber;  the  other 
depends  on  the  character  of  the  power  supply  to  drive  the 
inductive  load.  The  modern  MOS  technology  provides  the 
high  speed  capability  to  fulfill  this  requirement. 


VTL  Vacuum  Chamber 

The  eddy  current  is  the  energy  dissipated  part  of  the  field 
equation  when  the  alternative  field  penetrates  a  metallic 
chamber.  The  transfer  function  is  more  or  less  like  a  low  pass 
filter  of  the  first  order.  The  time  constant  is  proportional  to 
the  product  Aa-a  of  the  thickness  A,  the  conductivity  a  and 
the  perpendicular  dimension  "a"  of  the  chamber  in  respect  to 
the  field[5].  This  time  constant  is  not  the  limitation  of  the 
feedback  speed  indeed,  since  the  phase  lag  is  stable  and  less 
than  90  degree.  Driving  over  this  cut-off  frequency  requires 
more  power  to  keep  the  same  field.  However,  the  high 
frequency  component  of  the  feedback  signal  exists  rarely 
because  of  the  shield  effect.  The  power  consumption  is  small 
as  long  as  the  signal  is  small.  The  speed  is  acutely  limited  by 
the  second  pole  of  the  correction  power  supply  and  the  time 
delay  of  the  controller. 

The  other  concern  is  the  sextupole  component.  We  take  a 
low  order  approximation  of  the  lost  field[6] 

AB(x)*AB(0).(l-^/2).  . (17) 

The  jitters  of  the  beam  is  in  the  range  of  hundred  pm.  Its 
spectrum  concentrates  most  in  the  region  lower  than  the 
chamber  cut-off  frequency.  Since  the  lost  field  is  proportional 
to  the  jitters  and  its  frequency,  the  contribution  of  the 
sextupole  can  be  estimated  by  equation  17. 
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Abstract 

The  third  generation  Advanced  Light  Source  (ALS)  will 
produce  extremely  bright  photon  beams  using  undulators  and 
wigglers.  In  order  to  position  the  photon  beams  accurate  to 
the  micron  level,  a  closed-loop  feedback  system  is  being 
developed.  Using  photon  position  monitors  and  dipole 
corrector  magnets,  a  closed-loop  system  can  automatically 
compensate  for  modeling  uncertainties  and  exogenous 
disturbances.  The  following  paper  will  present  a  dynamics 
model  for  the  perturbations  of  the  closed  orbit  of  the 
electron  beam  in  the  ALS  storage  ring  including  the  vacuum 
chamber  magnetic  field  penetration  effects.  Using  this 
reference  model,  two  closed-loop  feedback  algorithms  will 
be  compared  --  a  classical  PI  controller  and  a  two  degree-of- 
freedom  approach.  The  two  degree -of-freedom  method 
provides  superior  disturbance  rejection  while  maintaining 
the  desired  performance  goals.  Both  methods  will  address 
the  need  to  gain  schedule  the  controller  due  to  the  time 
varying  dynamics  introduced  by  changing  field  strengths 
when  gfjnning  the  insertion  devices. 

I.  INTRODUCTION 

The  ALS  is  designed  to  store  a  400  mA,  l.S  GeV, 
multi-bunch  electron  beam  with  a  lifetime  of  6-8  hours.  The 
natural  rms  emittance  is  3.4xl0~9  m-rad  with  an  estimated 
rms  beam  size  at  the  center  of  the  insertion  device  of  195  pm 
horizontally  and  37.4  pm  vertically.  The  lattice  is  based  on 
a  cell  with  a  triple  bend  achromat,  repeating  twelve  times. 
This  leaves  room  for  a  maximum  of  ten  insertion  devices. 
The  storage  ring  is  optimized  to  produce  photon  beams  in  the 
VUV  to  soft  X-ray  spectral  region. 

In  order  to  position  the  photon  beams  accurate  to  the 
micron  level,  a  closed-loop  feedback  system  on  the  electron 
beam  is  being  developed.  Potential  error  sources  driving 
the  electron  beam  include:  environmental  vibrations, 
magnetic  field  changes  associated  with  insertion  device 
scanning,  magnet  power  supply  ripple,  and  temperature 
drift.  Steering  of  the  photon  beam  is  done  by  monitoring 
the  position  at  two  locations  and  correcting  the  position  and 
angle  of  the  electron  beam  through  the  insertion  device. 
This  is  done  by  local  correction  using  four  dipole  corrector 
magnets  in  each  plane.  The  following  paper  integrates 
accelerator  beam  dynamics  with  feedback  control  theory  for 
systematic  controller  design. 


•Thi«  work  «■  supported  by  the  Director.  Office  of  Eoerfy  Rceeerch,  Office  of 
Bmic  Eoerfy  Sciences,  Materiel  Sciences  Division,  of  the  U.S.  Department  of  Energy 
under  the  U.S.  DOE  Contract  No.  DE-AC03-76SF00098. 


n.  ALS  MAGNET  LATTICE 

In  order  to  design  a  feedback  control  system  for 
photon  beam  steering,  one  must  have  an  accurate  closed  orbit 
beam  dynamics  model.  Fig.  1  shows  the  magnetic  lattice  for 
two  of  the  twelve  sectors.  Each  sector  is  identical  except  for 
the  type  of  insertion  device.  Using  the  two  dipole  corrector 
magnets  on  either  side  of  the  insertion  device,  the  goal  of  the 
local  bump  system  is  to  accurately  steer  the  electron  beam 
though  the  insertion  device  without  perturbing  the  beam 
position  outside  the  four  magnet  bump.  This  algorithm  must 
account  for  focusing  changes  in  the  quadruples  located 
between  the  corrector  magnets  and  the  field  changes  of  the 
insertion  devices  during  scanning. 


Since  only  small  perturbations  about  the  equilibrium 
orbit  are  being  considered,  linear  models  are  sufficient.  If 
necessary,  one  can  easily  generalize  to  the  nonlinear  case  by 
using  automatic  differentiation,  [9]. 

The  change  of  the  phase  space  coordinates  x  -  ( x ,  p , ) 
between  two  points  in  the  lattice  is  given  by  the  transport 
matrix, 

Xj=Mi_.xi.  (1) 

Therefore,  is  the  one-turn  matrix.  Consider  the  closed 
orbit  distortions  for  a  single  dipole  kick,  Ax\  =  (0,A£  , ). 
The  distortion  at  location  i  is  then  given  by 

Ax”*  =[l-Mw]"'  Ax,.  (2) 

The  distortions  at  other  locations  in  the  lattice  can  be 
computed  from  (1).  Fig.  1  shows  the  distortions  of  the 
vertical  closed  orbit  for  a  .01  milliradian  kick  from  corrector 
magnet  VCM1.  By  superposition,  one  can  find  the 
contributions  to  the  closed  orbit  distortions  from  the  four 
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corrector  magnets  to  the  center  of  the  insertion  device  and 
VCM4.  Introducing,  a  ©  «  (A©  ,  ,a©  ,  ,aq  , ,  a©  4 ),  one 
obtains  the  following  system  of  equations 


=  T  A©  (3) 

If  the  new  position  and  angle  downstream  of  VCM4  is  along 
the  unperturbed  closed  orbit,  then  the  bump  will  remain 
local.  Hence,  for  open-loop  steering  of  the  photon  beam,  the 
corrector  strengths  can  be  found  from  T1  with 

AXvcm4  =  (0,0).  Although  the  position  and  angle  of  the 
electron  beam  at  VCM4  was  chosen,  any  position  outside  the 
bump  would  suffice.  Also,  equation  (3)  can  easily  be 
generalized  to  account  for  any  coupling  between  the  vertical 
and  horizontal  dimensions. 

III.  FEEDBACK  CONTROL  SYSTEM  MODEL 

Equation  (3)  provides  the  corrector  strengths  for  static 
beam  steering.  However,  due  to  modeling  uncertainties  and 
exogenous  disturbances,  a  dynamic  system  is  necessary.  In 
order  to  "close  the  loop”  on  the  photon  beam  position,  an 
accurate  model  for  entire  control  system  needs  to  be 
developed.  Shown  in  Fig.  2,  the  feedback  control  algorithm 
consists  of  a  controller  (to  be  developed  in  Sections  IV  and 
V),  the  beam  dynamics  compensation  gain  (T1),  and  vacuum 
chamber  compensation  filters.  The  transfer  function  for  the 
accelerator  (i.e.  power  supply  inputs  to  photon  beam  position 
monitors)  consist  of  the  superposition  of  four  decoupled 
corrector  magnets  systems.  The  dynamics  of  this  system  is 
dominated  by  the  eddy  currents  effects  of  the  aluminum 
vacuum  chamber.  The  cutoff  frequencies  for  the  vacuum 
chamber  at  the  correctors  are  (58Hz,  195Hz,  250Hz,  58Hz) 
vertically  and  (3  Hz,  55Hz,  66Hz,  3Hz)  horizontally.  The 
power  supply  and  magnet  bandwidths  are  approximately  500 
Hz  and  1000  Hz,  respectively. 


Axki 

—  cod 

AXvan4 


Fig.  2.  Local  Bump  Control  System  Model 

The  power  supply  range  is  ±100  amps  vertically  and  ±40 
amps  horizontally  (accurate  to  1  part  in  10,000),  which 
corresponds  to  a  ±3.2  milliradian  change  in  the  electron 
beam  at  1.5  GeV.  The  photon  beam  position  monitors 


(PBPM),  located  8  and  12  meters  from  the  insertion  device 
center,  are  accurate  to  ±1  micron. 

The  inherent  difficulty  in  designing  a  feedback  control 
law  for  this  system  is  due  to  the  fact  that  only  two  position 
monitors  are  available  when  one  is  trying  to  control  four 
decoupled  corrector  magnet  systems.  The  fact  that  the  states 
in  each  of  the  correctors  are  decoupled  makes  the  plant 
unobservable.  Lack  of  observability  extremely  limits 
feedback  control  design.  As  done  in  [5]  and  [6],  essentially 
one  has  to  take  an  open-loop  control  approach,  then  feedback 
on  two  PBPM  signals  with  the  assumption  that  the  zero 
leakage  condition  is  met.  The  problem  with  this  approach  is 
that  closed-loop  control  only  provide  robustness  to  modeling 
uncertainties  for  the  photon  beam  steering,  and  no  robustness 
on  the  leakage  condition.  Hence,  the  controller  performance 
and  stability  will  be  extremely  sensitive  to  modeling  errors. 

The  remainder  of  this  paper  will  concentrate  on  the 
controller  design,  K(s).  The  design  example  will  be  a  four 
magnet  local  bump  in  the  vertical  dimension  with  a  closed- 
loop  bandwidth  of  100  Hz.  For  simplicity,  only  an  analog 
control  design  will  be  considered,  however,  the  actual 
implementation  will  be  digital  for  flexibility. 

IV.  CLASSICAL  CONTROL  DESIGN 

The  fundamental  goal  of  a  feedback  control  system  is  to 
track  a  given  input  command  given  actuator  limitations, 
uncertainties  in  the  dynamics  model,  sensor  noise,  and 
exogenous  disturbances.  A  generic  feedback  control  structure 
is  shown  in  Fig.  3.  The  power  supplies,  magnets,  and 
accelerator  physics  models  are  lumped  into  block  G(s)  (the 
plant),  with  modeling  uncertainties,  A(s).  The  disturbances 
are  external  inputs  not  accounted  for  in  the  design  model, 
e.g.  vibration,  power  supply  ripple,  cross-talk  errors,  and 
temperature  drift. 


Fig.  3.  Feedback  Control  System  Structure 


If  CA=0,  then  the  equations  of  interest  are  the  following, 
y  =  GC„(l  +  GCb )-'  (r -  rj)  +  (I  +  GC„ )■'  d  (4) 

®  s  r  -  y  =  (i  +  GCb  )  '  (r  -  d)  +  GCB(l  +  GCg  )  1  ij  (5) 
The  sensitivity  function  is  defined  as  the  d  to  y  transfer 
function,  S=(I  +  GCg)"1,  and  the  complementary 
sensitivity  function  is  the  r  to  y  transfer  function,  T =GCB(1 
+  GCg)"1.  The  fundamental  trade-off  in  classical  control  is 
that  |T+S|=I  over  all  frequencies.  |S|  "small"  implies 
good  tracking  performance,  however,  it  forces  |T|  close  to 
unity.  Since  G  naturally  rolls  off  at  high  frequency,  this 
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would  force  K  to  increase  which  is  destabilizing  since  the 
knowledge  of  the  plant  dynamics  at  high  frequency  is  poor. 
This  is  discussed  in  detail  in  [2]  and  [4].  Classical  PID 
control  and  lead-lag  compensation  can  be  used  to  adjust  the 
trade-off.  For  the  vertical  local  bump  the  following  PI 
control  law  provides  the  necessary  performance,  t=.0016 
seconds. 


Cs(s)  = 


1.4[s  +  650] 


Cx  (s)  =  0 


As  shown  in  Fig.  4,  the  two  degree -of- freedom  approach 
has  superior  disturbance  rejection  over  the  simple  PI 
controller  —  80  dB  per  decade  verses  20  dB  per  decade. 
However,  the  reference  input  to  error  and  closed-loop 
transfer  functions  are  identical.  As  discussed  in  [1],  the  two 
degree-of-freedom  controller  can  be  formulated  as  a 
disturbance  observer-based  system.  By  estimating  and 
canceling  the  disturbance,  one  will  not  only  reduce 
environmental  error  sources  but  also  the  negative  effects  of 
cross-talk  between  the  local  bumps. 


V.  A  TWO  DEGREE-OF-FREEDOM 
CONTROL  DESIGN 

By  using  two  "handles’,  CA  and  CB,  to  adjust  the 
control  signal,  [1],  one  can  remove  the  fundamental  trade-off 
in  Section  IV.  Define, 

CA  =G-'Q(I-Q)-1  (7) 

CB  =  K(I-Q)'1  (8) 

where  G  is  the  estimate  of  G.  There  are  two  cases  of 

interest.  If  G=G,  then  the  output  and  error  transfer 
functions  are  the  following. 

y  =  (I  +  GK)~'  GKr  +  ( I  -  Q)(I  +  GK)1  d  -  (I  +  GK)~'  (Q  +  GK)  i\  (9) 
e  =  (l  +  GK)"'r-(I-Q)(I  +  GK)"ld  +  (I  +  GK)"l(Q  +  GK)>7  (10) 

Therefore,  if  the  estimate  of  the  plant  is  accurate,  then  the  Q 
function  acts  as  a  scaling  term  to  adjust  the  influence  of  the 
two  error  sources  on  the  output  and  error.  In  the  limit,  if 
Q=I,  then 


VI.  CONCLUSION 

The  development  of  an  accurate  closed  orbit  model  for 
the  ALS  is  crucial  for  the  success  of  the  photon  beam 
steering  feedback  system.  The  insertion  devices  will  cause 
relatively  large  field  perturbations  when  scanned.  Since  the 
quadrupole  magnets  will  be  adjusted  to  help  compensation 
for  the  field  changes,  the  local  bump  algorithm  must 
continually  update  the  lattice  model  in  order  to  compute  the 
proper  dipole  kicks,  equation  (3).  The  effects  of  field 
variations  for  the  worst  case  (i.e.  ten  insertion  devices)  is 
currently  being  studied. 

To  minimize  the  effects  of  cross-talk  due  to  modeling 
errors  as  well  as  environment  error  sources,  a  two  degree-of- 
freedom  control  algorithm  has  been  developed.  This 
approach  has  superior  performance  over  the  classical  PI 
controller.  It  has  the  added  advantage  that  one  can  set  the 
system  bandwidth  independent  of  the  disturbance  rejection 
’bandwidth”.  The  only  cost  of  these  benefits  is  a  more 
demanding  computer  throughput. 


y  =  (gG_i  +  GK)"'  GKr  -  tj  (11) 

i  =  {cG-' +gk)' GG-'r+ n  (12) 


Frequency  (Hz) 


Fig.  4.  Disturbance  to  Error  and  Reference  Input  to  Error 
Transfer  Functions. 

Notice  that  the  disturbance  has  been  totally  eliminated  -- 
even  when  G*G.  Given  these  facts,  the  design  goal  is  to 
choose  Q*I  inside  the  system  bandwidth.  The  following 
design  example  will  use  a  third  order  Butterworth  filter  with 
the  cutoff  frequency  set  at  the  system  bandwidth,  100  Hz.  K 
will  be  the  same  PI  controller  as  in  (6). 
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Abstract 

The  global  closed  orbit  correction  experiments  conducted 
on  the  NSLS  X-ray  ring  and  the  SPEAR  using  the  technique 
of  singular  value  decomposition  (SVD)  are  presented.  The 
beam  response  matrix,  defined  as  beam  motion  at  beam 
position  monitor  (BPM)  locations  per  unit  kick  by  corrector 
magnets,  was  measured  and  then  analyzed  using  SVD.  The 
BPMs  and  correctors  are  reconfigured  into  "transformed" 
BPMs  (t-BPMs)  and  "transformed"  correctors  (t-correctors), 
with  each  t-BPM  coupled  to  at  most  one  t-corrector  and  vice 
versa  for  orbit  correction.  The  decoupled  t-BPMs  are  used  to 
estimate  the  limit  on  orbit  correction,  while  the  decoupled  t- 
correctors  are  useJ  to  optimize  the  corrector  strengths.  As  a 
result,  the  vertical  r.m.s.  orbit  error  at  the  BPM  locations  was 
reduced  from  208  pm  to  61  pm  about  an  arbitrary  reference 
orbit  in  the  NSLS  X-ray  ring.  In  SPEAR,  the  vertical  closed 
orbit  was  brought  to  the  BPM  centers  at  the  selected  BPM 
locations  with  an  r.m.s.  error  of  215  pm  reduced  from  the 
initial  780  pm. 

L  INTRODUCTION 

The  third  generation  synchrotron  light  sources,  of  which 
the  Advanced  Photon  Source  (APS)  is  one,  are  characterized 
by  low  emittance  of  the  charged  particle  beams  and  high 
brightness  of  the  photon  beams  radiated  from  insertion 
devices.  Transverse  stability  of  the  particle  beams  is  a  crucial 
element  in  achieving  these  goals  and  the  APS  will  implement 
extensive  beam  position  feedback  systems,  which  include  320 
corrector  magnets,  360  positron  beam  position  monitors 
(BPMs)  distributed  around  the  storage  ring,  miniature  BPMs 
for  insertion  device  beamlines,  and  photon  beam  position 
monitors  in  the  front  end  of  X-ray  beamlines. 

The  beam  position  feedback  systems  can  largely  be  divided 
into  the  global  and  local  feedback  systems  according  to  the 
extent  of  correction,  and  the  DC  and  AC  feedback  systems 
according  to  the  bandwidth  of  correction. 

In  this  paper,  we  will  present  the  results  of  global  DC  beam 
position  feedback  experiments  conducted  on  the  X-ray  ring  of 


the  National  Synchrotron  Light  Source  (NSLS)  and  on 
SPEAR  at  Stanford  Synchrotron  Radiation  Laboratory 
(SSRL).  Integral  control  with  full  correction  was  used,  and 
the  technique  of  singular  value  decomposition  (SVD)  was 
used  to  invert  the  response  matrix. 

The  rest  of  this  paper  will  consist  of  a  brief  review  of  the 
theory  of  SVD  applied  to  closed  orbit  correction  in  Section  n, 
analysis  of  the  response  matrices  in  Section  III,  and 
presentation  of  the  measurement  results  in  Section  IV. 

H.  THEORY 

The  mathematical  formulation  of  the  SVD  of  matrices  is 
broadly  available  in  the  literature  [1-4]  and  its  successful 
application  to  closed  orbit  correction  at  Aladdin,  SRC,  was 
reported  in  Ref.  [5].  A  theoretical  treatment  and  physical 
interpretation  of  the  technique  for  closed  orbit  correction  is 
presented  in  Ref.  [6],  including  minimization  of  orbit  error 
and  optimization  of  corrector  strengths.  In  this  section,  we 
will  overview  the  SVD  formalism  in  order  to  introduce  the 
terminology  used  in  following  sections. 

Suppose  that  there  are  M  BPMs  and  N  correctors  used  for 
closed  orbit  correction  in  the  storage  ring.  Assuming  linearity, 
the  response  matrix  Ry  is  defined  as  the  beam  motion  at  the  i- 
th  BPM  per  unit  angle  of  kick  at  the  j-th  corrector.  The  mbit 
change  Ax  due  to  the  corrector  strength  change  AO  is  then 
given  by 

Ax  =  RAO.  (1) 

Using  SVD,  we  write  the  response  matrix  R  as  [4] 

R  =  U-W-VT,  (2) 

where  U  is  an  M  x  M  unitary  matrix  (LH'-U  =  U-U7  =  1),  W  is 
an  M  x  N  diagonal  matrix  with  positive  or  zero  elements,  and 
V  is  an  N  x  N  unitary  matrix  (V^V  =  V-V7  =  1). 

From  Eqs.  (1)  and  (2)  and  the  unitary  property  of  U  and  V, 
we  have 

Ax1  =  W-A01,  (3) 


♦Work  supported  by  the  U.S.  Department  of  Energy,  Office  of 
Basic  Energy  Sciences,  undo-  Contract  No.  W-31-109-ENG-38. 


0-7803-1 203- 1/93S03.00©  1993  IEEE 


2275 


where  Ax'  =  UT-Ax  and  A0'  =  VT-A8  in  the  transformed  (t-) 
BPM  and  corrector  spaces.  The  matrix  W  is  given  by 


Wij  =  WmiB(ij)  Sjj.  (4) 

where  the  diagonal  elements  w„  (S  0, 1  S  n  £  min(M,  N)>  are 
called  eigenvalues.  Each  represents  the  coupling  efficiency  of 
the  correction  channel  of  a  pair  consisting  of  a  t-BPM  and  a  t- 
corrector.  The  matrix  R  is  singular  if  any  of  the  eigenvalues  is 
zero. 

Given  an  orbit  perturbation  Ax,  the  necessary  corrector 
strength  A9  is  the  product  of  the  inverse  matrix  Rjnv  given  by 

*inv  =  V.Winv.tf*  (5) 

and  Ax.  Wi,v  is  a  diagonal  matrix  of  dimension  N  x  M  and 
the  elements  are  given  by 


Fig.  2:  Plot  of  the  eigenvalues  of  the  response  matrix  for  the 
NSLS  X-ray  ring.  £m  =  1.47X10-3. 


where 


q. 


=  < 


0, 

j_ 

w. 


W„  EW^ 

otherwise 


(l£  n  <  min  (M,  N)) 


(6) 


(7) 


machine  is  vv  =  6.2.  The  response  matrix  was  measured  as  the 
ratio  of  the  beam  motion  in  mm  and  the  applied  current  on  the 
corrector  magnets  in  amperes.  The  conversion  to  the  angle  is 
done  using 


A0  (rad)  = 


(4.20  x  10-s  AI  (A), 
[6.87  x  lfrs  AI  (A). 


V8  correctors 
others 


(9) 


e  is  the  singularity  rejection  parameter  in  the  range  [0,1  j.  For 
a  given  matrix  R,  we  define  em(R)  as 

em(R)  =  max  {£  I  w„  >  e  w^,*  for  all  wn*0}.  (8) 

That  is,  £m  is  the  largest  possible  value  for  e  in  order  to  retain 
all  non-zero  eigenvalues. 

in.  ANALYSIS  OF  RESPONSE  MATRICES 

In  this  section,  we  will  analyze  the  response  matrices  of  the 
NSLS  X-ray  ring  and  SPEAR  in  the  vertical  plane. 

A.  NSLS  X-ray  Ring 

We  used  all  of  the  48  (M)  BPMs  and  39  (N)  correctors 
available  for  orbit  correction.  The  nominal  vertical  tune  of  the 


Fig.  1:  The  basis  vectors  Un  and  Ui2  of  the  NSLS  X-ray  ring 
for  the  most  strongly  coupled  channels. 


Figure  1  shows  the  BPM  basis  vectors  Uii  and  Ua  (1  <  i  < 
48)  for  the  most  strongly  coupled  channels.  These  two  vectors 
exhibit  pseudo-periodicity  of  the  integer  tune  6  and  are  shifted 
in  phase  by  approximately  90  degrees.  This  indicates  that  the 
two  channels  will  mostly  correct  m  =  6  harmonic  mode.  The 
eigenvalues  w,  (1  S  n  <  39)  are  shown  in  Fig.  2.  em  of  the 
response  matrix  is  1.47xl0"3. 

Table  1  summarizes  the  results  of  simulation  of  orbit 
correction  on  the  initial  r.m.s.  orbit  error  of  207.8  pm  using  a 
different  number  (ns)  of  eigenvalues.  The  theoretical  limit  on 
the  residual  error  after  correction  is  46.6  pm. 


Table  1:  Simulation  of  orbit  correction  in  the  vertical  plane  of 
NSLS  X-ray  ring  using  a  different  number  (n,)  of  eigenvalues. 


n; 

AU(A) 

Almax  (A) 

Alrm  (A) 

Ayr™  (pm) 

0 

0.000 

0.000 

0.000 

207.8 

2 

-0.010 

0.011 

0.007 

183.2 

6 

-0.83 

0.09 

0.044 

128.9 

10 

-1.01 

0.13 

0.30 

108.8 

20 

-1.39 

0.89 

0.52 

84.0 

30 

-2.90 

1.81 

1.01 

68.9 

34 

-4.50 

2.11 

1.39 

59.7 

36 

-4.88 

3.03 

1.65 

52.2 

38 

-4.98 

3.01 

1.66 

52.1 

39 

-5.40 

3.78 

1.93 

46.6 

B.  SPEAR 


As  in  the  case  of  the  NSLS  X-ray  ring,  all  of  the  26  BPMs 
and  30  correctors  available  for  orbit  correction  were  used. 
The  nominal  vertical  tune  of  the  machine  is  vv  =  6.72.  As 
shown  in  Fig.  3,  the  response  matrix  is  nearly  singular,  and  the 
weakest  four  channels  (n  =  23  -  26)  may  not  be  usable  unless 
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the  power  supplies  are  very  robust  em  of  the  response  matrix 
is  4.43x10-“. 


Fig.  3:  Plot  of  the  eigenvalues  of  the  response  matrix  for 
SPEAR.  em  =  4.43xia4. 

IV.  MEASUREMENT  RESULTS 

Figure  4  shows  the  result  of  orbit  correction  using  35 
eigenvalues  on  the  NSLS  X-ray  ring.  The  initial  r.m.s.  orbit 
error  was  138  pm,  which  was  reduced  to  61  pm  after 
correction.  A  few  iterations  were  necessary  before  the  r.m.s. 
error  settled  down  to  this  value,  possibly  due  to  changes  in 
machine  condition  and  error  in  the  response  matrix 
measurement.  The  corrector  current  changes  ranged  from 
-4.56  A  to  2.45  A,  with  the  r.m.s.  value  of  1.47  A.  Some  of 
the  corrector  power  supplies  got  close  to,  but  did  not  reach, 
saturation  at  the  maximum  current  of  10  A.  Including  more 
eigenvalues  would  trip  off  some  of  the  power  supplies  and 
was  not  tried. 


The  r.m.s.  orbit  error  relative  to  the  reference  orbit  is  137  pm 
and  61  pm  before  and  after  correction,  respectively.  Thirty- 
five  eigenvalues  out  of  39  were  used. 

In  the  case  of  SPEAR,  we  tried  to  bring  the  orbit  as  close 
as  possible  to  the  electrical  centers  of  the  BPMs,  which  were 
used  as  the  reference  for  orbit  correction.  After  each 
correction,  the  RESOLVE  [7]  computer  program  was  used  to 


fit  the  measured  orbit  to  the  machine  model.  This  enabled  us 
to  locate  some  of  the  BPMs  with  significant  offsets  and 
remove  them  for  orbit  correction.  Using  this  procedure,  9  out 
of  26  were  removed,  and  the  result  is  shown  in  Fig.  5.  The 
r.m.s.  orbit  error  was  reduced  from  780  pm  to  215  pm  at  the 
locations  of  the  17  remaining  BPMs  using  15  eigenvalues. 
Two  channels  had  to  be  decoupled  to  avoid  power  supply 
saturation  resulting  from  the  misalignment  of  a  BPM  with  the 
center  of  an  adjacent  quadrupole.  This  led  to  the  kink  in  the 
orbit  between  the  9th  and  10th  BPMs. 


Fig.  5:  DC  global  absolute  orbit  correction  at  SPEAR,  SSRL. 

The  r.m.s.  orbit  error  relative  to  the  vacuum  chamber  center  is 

780  pm  and  215  pm  before  and  after  correction,  respectively. 

Fifteen  eigenvalues  out  of  17  were  used. 
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Abstract 

In  the  SLC  many  feedback  systems  keep  the  beam  under 
control.  Here  we  concentrate  on  feedback  systems  which 
operate  at  120  Hz  or  lower  frequencies,  so  software  can  be 
used  to  make  some  decisions.  The  linac  steering  feedback 
uses  beam  position  monitor  data  and  corrects  magnet  set¬ 
tings  to  keep  the  beam  orbit  to  the  desired  values  (mostly 
flat).  Looking  at  the  Fast  Fourier  Transformation  (FFT) 
of  the  data,  a  reduction  in  the  zero  and  very  low  frequency 
component  is  observed,  while  on  the  other  hand  noise  at 
higher  frequencies  is  amplified.  To  improve  this  situation, 
the  FFT  can  be  used  to  alter  the  feedback  so  a  flat  spec¬ 
trum  can  be  achieved,  indicating  the  lowest  white  noise 
level.  If  there  is  a  spike  at  e.g.  2  or  7  Hz  or  another  feed¬ 
back  is  oscillating,  this  feedback  would  adjust  itself  till 
this  spike  is  reduced  to  the  white  noise  level  (not  beyond). 
Different  simulation  results  for  the  frequency  response  are 
presented. 

1  Introduction 

At  the  Stanford  Linear  Collider  (SLC)  the  beam  position 
and  angle  is  control  by  feedbacks  at  many  different  loca¬ 
tions.  A  step  function  in  the  position  of  the  injected  beam 
into  the  linac  would  cause  an  over-correction  if  all  the  feed¬ 
back  would  start  to  correct  the  situation  in  a  simple  way. 
One  way  is  to  link  the  feedback  together  and  share  the 
information  in  a  cascaded  way  [1].  Here  we  will  describe 
another  approach.  The  history  of  the  beam  itself  carries  a 
lot  of  information,  which  can  be  used  to  predict  the  posi¬ 
tion  (and  angle)  of  the  next  pulse.  Even  if  some  upstream 
feedback  is  oscillating  or  there  is  a  "time  slot”  separation 
(60  Hz  oscillation),  the  fast  Fourier  transformation  (FFT) 
shows  which  component  is  the  highest  and  should  be  sup¬ 
pressed.  The  main  idea  is  that  the  feedback  should  not 
have  a  fixed  frequency  response  but  vary  its  response  due 
to  the  measured  FFT  spectrum.  So  instead  of  trying  to 
reduce  some  zero-frequency  component,  which  might  not 
be  there  at  the  time,  and  amplifying  e.g.  some  2  Hz  noise, 
the  new  FFT-oriented  feedback  would  recognize  the  situa¬ 
tion  and  would  only  reduce  the  highest  peaks  in  the  FFT 
spectrum. 

Different  insights  of  averaged  response  curves  and  their 
time  behavior  might  be  even  interesting  for  the  current 
cascaded  feedback. 

'Work  (upported  by  the  Department  of  Energy  contract  DE- 
AC03-76SF00515. 


2  General  Feedback  Issues 

A  feedback  should  keep  a  status,  say  the  position  of  a 
beam,  in  a  fixed  state.  Any  deviations  should  be  brought 
back  as  soon  as  possible,  so  the  rms  around  this  state  is 
minimized.  White  noise  cannot  be  reduced  with  a  feed¬ 
back,  but  any  deviation  like  more  low-frequency  compo¬ 
nents  can  be  suppressed.  How  a  feedback  works  in  general 
can  be  understood  by  looking  at  its  frequency  response. 

2.1  Frequency  Response 

Let’s  take  the  position  of  beam  pulses  as  an  example. 
Many  pulses  jitter  around  zero  or  slowly  drift  away.  The 
feedback  tries  to  predict  the  position  of  the  following  pulse 
by  using  one  or  many  pulse  positions  of  the  past.  Applying 
the  prediction  might  cause  a  reduction  or  amplification  of 
the  next  position  amplitude.  This  depends  on  the  response 
type  of  the  feedback  and  on  the  frequency.  Fig.  1  shows  a 
typical  behavior  of  some  simple  feedbacks  for  mainly  low 
frequency  noise.  Looking  only  at  the  last  point,  dot¬ 
ted,  the  feedback  will  reduce  it  to  zero  at  low  frequency, 
at  1/6*  120  Hz  =  20  Hz  is  the  cross-over  and  the  resulting 
amplitude  will  be  twice  as  much  at  60  Hz.  For  an  average 
of  the  last  two  points,  (xi  +  x?)/2  dashed,  the  response 
doesn’t  overshoot  that  much,  and  so  on  till  an  average  of 
the  last  six  points,  (zt  +  xi  + ...  -f  *e)/6  dashed  again,  has 
three  oscillations. 


Frequency  [Hz] 

Figure  1:  Feedback  Response  Function. 

At  120 Hz  all  frequencies  between  0  and  60  Hz  can  be  rec¬ 
ognized.  Besides  the  wanted  reduction  at  low  frequency,  a 
simple  feedback  looking  at  the  last ,  or  the  last  two ,  ...  or  the 
last  six  pulses  gives  always  some  oscillations.  The  average 
of  these  six  possibilities  (solid)  shows  a  flat  amplification. 
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An  interesting  behavior  is  an  average  of  all  these  aver¬ 
ages  (solid),  which  is  pretty  flat  for  higher  frequencies  and 
doesn’t  show  the  overshoot  directly  after  the  first  cross¬ 
over.  This  average  gives  additionally  a  time  structure, 
later  points  are  weighted  stronger  and  earlier  points  are 
damped  in  such  a  natural  way  that  the  ’’necessary”  over¬ 
shoot  is  flat.  This  feedback  would  reduce  any  drifts  up  to 
about  10  Hz  and  amplify  white  noise  above  that  by  about 
a  factor  of  1.25;  (60  pulses  yield  a  reduction  up  to  3  Hz  and 
an  amplification  of  less  than  4  %). 

2.2  Higher  Frequencies 

These  feedbacks  can  be  also  used  to  reduce  high  frequency 
noise  by  changing  the  response  function.  Instead  of  pre¬ 
dicting  the  last  (zi),  the  second  last  (23),  ...  or  (24)  top 
in  Fig.  2,  the  feedback  can  guess  minus  the  last,  minus  the 
second  last,  ...  pulse  (middle).  By  determining  the  fre¬ 
quency  of  the  oscillation  it  would  be  possible  to  reduce  any 
oscillation  by  just  reacting  on  the  last  two  points:  For  low 
frequencies  up  to  20  Hz  x\  is  right,  between  20  and  40  Hz  22 
(dashed  middle)  and  between  40  to  60  Hz  —21  will  reduce 
all  below  the  unit  amplitude.  By  knowing  the  frequency  / 
and  taking  21  cos  <j>  —  22  sin  <f>  with  <f>  =  2*  it  *  // 120  Hz  a 
reduction  down  to  0.55  or  lower  is  achieved. 

The  goal  is  to  obtain  the  frequency  amounts  by  making 
an  FFT  or  by  other  techniques  and  use  the  achieved  in¬ 
formation  to  adjust  the  response  of  a  feedback  that  it  can 
reduce  all  pulse  to  pulse  variations  to  a  flat  white  noise 
level  (lowest  possible  amount). 


2  0  <  0  6  0 
Fr • q  u • n  c  y  [Hz) 


Figure  2:  Other  Response  Functions. 

Reacting  on  the  last  (xi),  second  last  (x?),  ...  (top),  or  on 
minus  the  last,  minus  the  second  last,  ...  pulse  ( bottom ) 
has  different  response  functions. 


3  Noise  and  Oscillations 

The  random  white  jitter  noise  of  a  beam  position  is  difficult 
to  improve,  but  any  frequency  component  which  sticks  out 
in  the  Fourier  transformation  and  is  quite  stable  indicates 
some  oscillation  (or  offset,  drift  for  /  «  0  Hz).  Fig.  3  show 
a  measurement  of  the  beam  angle  at  a  linac  feedback  in 
the  SLC. 

-3 

xio 
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Figure  3:  Oscillating  Beam  Angle. 

Besides  the  noise  jitter,  the  angle  of  the  beam  is  oscillating 
with  an  amplitude  of  about  one  sigma  of  the  noise  increas¬ 
ing  the  rms.  The  sources  are  mainly  feedbacks  having  too 
much  amplification  at  these  frequency. 


Frequency  (Hz) 


Figure  4:  Simulation  of  Noise  plus  1  Hz  Oscillation. 

The  jitter  noise  and  oscillation  in  the  time  frame  (left)  and 
its  frequency  amplitudes  (right). 

A  simulation  with  a  white  noise  jitter  (Gaussian  sigma  = 
1)  and  a  1  Hz  oscillation  (amplitude  =  1)  is  shown  in  Fig.  4. 
The  left  shows  the  noisy  oscillation  for  500  pulses.  The 
square-root  of  the  FFT  (not  the  power  spectrum)  is  shown 
on  the  right  and  gives  the  amplitude  of  each  of  the  256 
frequency  bins.  The  256  noise  bins  at  about  Aj  =  0  0625 
give  an  rms-amplitude 


of  one.  The  oscillation  would  add  about  1/2  ”rms”  in 
quadrature.  But  since  the  distribution  of  a  sin  is  not  Gaus¬ 
sian  at  all,  but  more  like  double  horned  corresponding  to 
the  two  crests  of  the  sin  curve,  the  gaussian  fit  to  the  pro¬ 
jection  is  about  30  %  bigger,  indicating  that  the  single  os¬ 
cillation  had  about  an  0.8  amplitude  effect. 
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4  FFT-  Orientation 


4  .  3 


The  so  far  mentioned  examples  give  some  ideas  how  to  im¬ 
plement  the  information  of  an  FFT.  Here  some  techniques 
and  the  comparison  with  Notch  filters  are  given. 

4.1  Simple  Approach 

Following  the  example  with  the  last  two  pulses,  here  is 
a  way  to  determine  the  weights  of  the  desired  correction. 
The  last  pulses  xi,  x2  ...  x„  are  multiplied  by  an  (n  + 
l)*n  matrix  M,  which  contains  the  information  about  the 
oscillation  frequency 

Mmk  =  cos(jr/n  *  (m  —  1)  *  ib)  *2/n,  (2) 

with  M  =  M/2  if  m  =  1  or  m  =  n  +  1. 

For  m  =  0  it  is  just  an  averaging  over  the  last  n  pulses 
(no  averages  over  different  n  to  keep  it  simple);  for  m  =  n 
it  is  —  *i,  +*2,  — ,  +  ...,  which  would  be  a  high  number 
if  there  is  a  big  time  slot  separation  (60  Hz  oscillation). 
The  square  of  these  numbers  and  a  sin  term  are  used  as 
weights  for  the  different  predictions.  This  method  can  be 
compared  with  Notch-filters  at  zero,  //2n,  f/n,  ...  // 2 
and  a  weight  for  each  filter.  An  averaging  like  in  Fig.  1  is 
also  possible  for  a  Notch  filter. 

4.2  FFT  Weights 

An  FFT  of  the  last  n  pulses  results  in  also  n  numbers, 
which  are  the  amplitudes  and  the  phases  at  the  corre¬ 
sponding  n/2(+l)  frequencies.  For  instance,  6  pulses  have 
an  amplitude  and  phase  value  for  10,  20,  30,  40,  50  Hz  and 
only  an  amplitude  value  for  0  and  60  Hz,  since  zero  and 
Nyquist  (60  Hz)  frequency  don’t  have  a  phase  information. 
The  amplitudes  can  directly  be  used  as  weights.  Fig.  5 
shows  an  example  where  eight+1  frequencies  are  totally 
suppressed. 

The  overshoot  at  low  and  high  frequency  needs  more  in¬ 
vestigation,  the  rest  is  at  least  less  than  55%  of  the  original 
amplitude.  Going  with  this  scheme  to  more  pulses  doesn’t 
reduce  these  peaks  dramatically  but  adds  new  points  with 
total  suppression.  A  time  dependent  averaging  might  re¬ 
duce  more  the  peaks,  since  the  slope  near  the  suppressed 
frequency  is  not  as  steep. 

The  interesting  feature  of  this  feedback  is  that  it  can 
suppress  oscillations  of  any  frequency  below  their  initial 
amplitude.  This  means  that  the  response  of  the  feedback 
has  no  parts  with  amplification. 

4.3  Future  Work 

The  FFT-oriented  feedback  which  adjusts  the  feedback 
response  to  the  amounts  in  the  FFT  has  a  high  goal  to 
achieve.  It  should  get  the  maximum  out  of  the  past  pulses 
to  achieve  the  lowest  spread  around  the  desired  value. 

The  time  dependent  averaging  should  get  the  right 
damping.  Also  the  behavior  of  higher  order  correction  [2] 
may  be  considered.  They  achieve  a  flat  curve  at  the  sup¬ 
pressed  frequency  on  the  expense  of  a  much  worse  ampli¬ 
fication  beyond  the  crossover  point. 


Frequency  [Hz] 


Figure  5:  FFT-Oriented  Feedback  Response. 

The  lower  solid  curve  shows  the  response  by  using  the  FFT 
information  of  oscillations  with  an  amplitude  of  3.  The 
other  curves  are  Notch  filter  type  responses  for  eight  pulses. 

The  response  to  steps  or  varying  frequencies  has  to  be 
checked.  The  many  frequency  components  during  a  step 
may  be  ideally  handled  by  an  FFT-oriented  feedback.  But 
even  whether  it  is  good  for  frequent  changes  or  better  for 
stable  oscillations  can  be  adaptive:  Taking  many  pulses 
into  account  slows  down  the  response  to  fast  changes, 
but  these  changes  would  tell  the  feedback  to  consider  less 
pulses. 

5  Conclusion 

The  study  of  a  feedback  which  response  is  adjusted  by  the 
amount  of  the  FFT  of  the  last  pulses  has  shown  to  reduce 
every  single  frequency  component.  Additionally  averaging 
schemes  were  found  which  don’t  show  oscillations  in  the 
amplification  regime  which  should  be  more  stable  than  the 
currently  used  response. 
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Abstract 

The  transverse  feedback  systems  are  needed  at  the  SSC 
for  several  different  reasons.  The  requirements  of  these 
systems  are  analyzed  and  specified.  In  addition  to  the 
general  requirements  (power,  bandwidth  and  gain),  specific 
attention  is  given  to  the  noises  in  the  systems,  which  need 
to  be  controlled  in  order  to  keep  the  emittance  growth  at  a 
tolerable  rate.  A  quantitative  treatment  is  given  to  specify 
the  allowable  noise  level  in  the  feedback  systems. 

I.  INTRODUCTION 

The  physics  involved  in  the  design  of  the  SSC  transverse 
feedback  systems  has  been  discussed  in  detail  in  Ref  [1]. 
This  paper  is  a  brief  overview  of  some  selected  issues.  The 
feedback  systems  will  serve  four  different  purposes: 

1.  Correction  of  the  injection  errors: 

At  injection  there  are  errors  in  the  beam  position,  an¬ 
gle,  energy  and  phase.  These  errors  can  lead  to  beam 
emittance  growth  if  not  corrected.  Because  the  er¬ 
rors  are  relatively  large  (~  mm),  the  feedback  system 
needs  high  power. 

2.  Damping  of  the  resistive  wall  instability: 

The  Collider  beam  tube  is  made  of  stainless  steel  with 
thin  copper  coating.  At  low  frequencies  (a  fraction  of 
the  revolution  frequency  /0  =  3.441  kHz),  the  skin 
depth  is  larger  than  the  coating  thickness  A  (~  100 
/im).  In  this  case,  the  resistive  wall  instability  growth 
time  is  proportional  to  the  product  <re A,  where  cre  is 
the  conductivity  of  copper  under  operation  conditions. 
At  the  design  value  <reA  =  2  x  105  Q-1,  the  growth 
time  is  about  110  turns.  Therefore,  the  feedback  sys¬ 
tem  needs  a  large  gain. 

3.  Damping  of  the  coupled  bunch  instability  driven  by 
the  higher  order  modes  (HOM)  of  the  rf  cavities: 

The  PEP  5-cell  cavity  is  the  original  candidate  for  the 
Collider.  Its  HOM  would  cause  both  longitudinal  and 
transverse  coupled  bunch  instabilities.  The  growth 
is  slow  (in  the  order  of  seconds).  But  the  feedback 
system  needs  a  wide  bandwidth.  (This  instability  may 
be  avoided  if  the  single-cell  cavity  with  HOM  properly 
damped  is  to  be  used  [2].) 

4.  Control  of  continuous  emittance  growth. 

Because  the  radiation  damping  time  of  the  protons  in 

’Operated  by  the  Universities  Research  Association,  Inc.,  for 
he  U.S.  Department  of  Energy  under  Contract  No.  DE-AC35- 
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the  Collider  is  long  (~  13  hours),  external  perturba¬ 
tions  will  be  remembered  by  the  beam  and  lead  to 
eventual  emittance  growth.  A  feedback  system  that 
keeps  the  coherent  motion  of  the  beam  below  certain 
allowable  amplitude  can  effectively  reduce  the  emit¬ 
tance  growth  rate.  This  system  must  be  of  low  noise. 

The  noise  of  the  feedback  systems  is  a  special  concern  of 
the  SSC,  because  it  may  blow  up  the  beam  emittance.  Pre¬ 
vious  experiences  at  the  Tevatron  and  SPS  show  that  the 
emittance  dilution  is  increased  when  the  transverse  feed¬ 
back  system  is  on. 

II.  DAMPING  PROCESS 

Let  us  define  a  vector  that  represents  the  amplitude  and 
phase  of  the  collective  beam  oscillation: 

’,s^+i,S  +  v^I')  (1) 

where  a  and  0  are  the  lattice  functions.  When  a  feedback 
system  with  gain  g  is  applied,  the  amplitude  1 1?  j  will  be 
decreased  in  one  turn  by: 

A 1 7 1=  —g  |  7  |  cos2  <j>i  (2) 

where  <j>\  is  the  betatron  phase  at  the  pickup.  Also,  the 
phase  angle  is  changed  by: 

A<j>  =  —  0sin<£i  cos<ii  (3) 

Note  that  the  fractional  decrement  in  the  amplitude  is 
monotonic  and  on  average  is  equal  to  gj 2,  while  the  change 
in  phase  angle  oscillates  and  has  a  zero  average.  After  N 
turns,  we  have: 


IvWMtoI  exp 


(2  N  +  1))  —  sin  2^o' 
4sin2xp  t 


Thus,  the  collective  amplitude  damps  as  an  exponential 
with  a  characteristic  period  of  2 jg  turns,  but  the  exponen¬ 
tial  also  has  some  minor  wiggles. 

III.  EMITTANCE  GROWTH  AT  INJECTION 

A.  Emittance  dilution  due  to  injection  errors 

The  magnitude  of  the  coherent  amplitude  xc  due  to  in¬ 
jection  position  error  6x  and  angle  error  hx'  in,  say,  the 
horizontal  plane  is: 

|  xc  |2=  6x2(  1  +  a\)  +  2o X0xhxhx'  +  0\bxn  (5) 
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For  the  case  of  an  injection  energy  error  SE/E,  the  resul¬ 
tant  coherent  amplitude  is: 

M2=(^f)2  (DUl+‘*l)+2arPrDeD'x+/32M)2)  (6) 


where  Dx  and  D'x  are  the  dispersion  function  and  its  slope. 
The  eventual  fractional  emittance  increase  produced  by  de¬ 
coherence  is: 


£c*  _  \xc\2 

c*  2  <r| 


(7) 


in  which  crx  is  the  rms  beam  width. 


B.  Decoherence 


and  so  transform  into  emittance  growth.  This  growth  rate 
can  be  expressed  in  terms  of  an  average  collective  ampli¬ 
tude  xBV  and  the  decoherence  time  rj: 


Td 


(12) 


During  the  collision  period,  the  decoherence  is  dominated 
by  the  beam-beam  interaction,  which  produces  a  large  tune 
spread.  For  a  Gaussian  bunch,  the  rms  tune  spread  can  be 
obtained  from  a  numerical  integration  [5]: 


as  0.2  £ 


(13) 


The  decoherence  due  to  the  chromaticity  £  and  momen¬ 
tum  spread  <rp/p  and  due  to  the  non-linear  magnetic  fields 
has  been  analyzed  in  Ref  [3].  The  centroid  of  the  bunch 
with  an  initial  betatron  amplitude  ao  has  after  N  turns 
the  amplitude  a{N)  =  a0/l(jV),  where  A(N)  is  the  deco¬ 
herence  factor.  In  the  chromaticity  case,  one  has 

A(N)  =  exp  2(<^t/7lsin(iri/,iV))  ^  (8) 

where  u ,  is  the  synchrotron  tune.  If  v,  is  independent  of 
synchrotron  amplitude  (linear  approximation),  the  whole 
bunch  decoheres  and  then  perfectly  re-coheres  every  syn¬ 
chrotron  period.  For  the  Collider  at  injection,  <rv/p  = 
1  x  10~4,  v,  =  2.2  x  10-3,  and  for  a  residual  chromaticity  of 
5,  the  linear  decoherence  factor  oscillates  between  1.0  and 
0.90  at  the  synchrotron  period  of  455  turns  and,  therefore, 
does  not  significantly  affect  the  feedback  requirements. 

In  the  non-linear  fields  case,  simulations  have  shown  for 
typical  magnetic  error  distributions  in  the  lattice  that  the 
horizontal  tune  is  well  represented  by 

vx  =  vo-  px2  (9) 

where  v0  is  the  tune  at  zero  betatron  amplitude,  x  is  the 
betatron  amplitude,  and  p  is  about  1.4  x  IQ-4  mm" 2  [4]. 
The  decoherence  factor  is: 


A(N)  =  (1  +  (2ir(ruN)2)~1  (10) 


where  <t„  =  2 pcrf  is  the  rms  tune  spread.  From  Eq.  (10), 
one  can  define  the  decoherence  time: 


(11) 


where  To  is  the  revolution  time.  For  the  Collider  at  injec¬ 
tion,  cr~l  is  1.8  x  104  turns. 


IV.  CONTINUOUS  EMITTANCE  GROWTH 


A.  Continuous  emittance  growth  without  feedback 

Consider  the  beam  in  a  storage  ring  in  which  there  is 
a  continuous,  small  emittance  growth  co  due  to  small  and 
random  dynamic  disturbances,  such  as,  quadrupole  mo¬ 
tion  or  power-supply  jitter.  These  disturbances  contin¬ 
ually  produce  small-amplitude  collective  betatron  oscilla¬ 
tions,  which  continually  smear  out  through  decoherence 


in  which  £  =  Nfcrp/(4ircjv)  is  the  beam-beam  parameter 
(IVj  —  protons  per  bunch,  rp  =  classical  proton  radius,  (n 
=  normalized  rms  beam  emittance).  For  the  Collider  in 
nominal  case  av  is  7.6  x  10~4,  giving  a  typical  decoherence 
time  of  1.3  x  103  turns. 


B.  Continuous  emittance  growth  with  feedback 

From  Eq.  (4)  one  can  define  the  feedback  damping  time: 

rf  =  -  To  (14) 

9 

The  total  emittance  growth  rate  with  feedback  is  [1]: 


«/  =eo( 


2 


(15) 


where  c0  is  defined  in  Eq.  (12).  Therefore,  if  the  feedback 
gain  is  big  enough  such  that  g  >  4\/2<r„,  we  will  have 
ij  <  to,  i.e.,  the  feedback  will  reduce  the  emittance  growth 
rate. 


C.  Noises  in  the  feedback  system 

If  there  are  noises  in  the  feedback  system  equivalent  to  a 
beam  amplitude  xpi  at  the  pickup,  then  there  is  a  contribu¬ 
tion  fo(gx^i)2  to  the  collective  amplitude.  Thus,  Eq.  (15) 
has  to  be  modified  and  takes  the  form 


Let  fo  be  the  initial  emittance,  one  may  also  define  the 
emittance  growth  rate  as 


J_  _  ij_  __  1  ^  1 

*£  Co  Te%  t  Tnojg* 

in  which 

1  _  co  r4\/2<rv\2 
T-ext  ~  co  '  9  f 

is  the  growth  rate  due  to  external  sources,  and 


(17) 

(18) 


1 

Tnois* 


I  /0g2*jV  /4v/5<7y\2 
Co  20  V  g  ) 


=  0.64/o(|^)2Ai/2  (19) 


where  we  have  converted  ov  to  the  total  tune  shift  Av 
(which  equals  £  times  total  number  of  interaction  points) 
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Feedback  system 

A 

B 

C 

Purpose 

Injection  errors 

Resistive  wall  instability, 
Emittance  control 

Coupled  bunch  instability 

Gain 

0.04 

0.1 

0.02 

Damping  time 

50  turns 

20  turns 

100  turns 

Maximum  correction 

±2  mm 

±100  ftm 

±40  ftm 

Kick  angle 

0.27  fii&d 

0.04  /jrad 

0.003  /rrad 

Kicker  length 

4  m 

4  m 

4  m 

Kicker  voltage 

1  kV 

150  V 

150  V 

Kicker  power 

40  kW 

0.9  kW 

0.9  kW 

Bandwidth 

500  kHz 

500  kHz 

>  30  MHz 

Noise  level 

- 

<  2  ftm 

<  1  ftm 

Resolution  limit 

0.02  ftm 

0.02  ftm 

0.16  ftm 

using  Eq.  (13).  It  is  interesting  to  note  that  the  emittance 
growth  rate  due  to  the  noises  in  the  feedback  system  is 
independent  of  the  gain.  It  is  also  interesting  to  compare 
this  result  with  that  presented  in  Ref.  [6],  which  was  ob¬ 
tained  using  the  well  established  stochastic  cooling  theory. 
Eq.  (19)  above  differs  from  Eq.  (8)  in  [6]  by  approximately 
a  factor  of  2. 

V.  FEEDBACK  SYSTEMS 

Three  systems  are  required  by  the  Collider:  A.  Injection 
error  correction;  B.  Resistive  wall  instability  and  emittance 
control;  C.  Coupled  bunch  instability  damping.  System  A 
has  high  power.  It  is  used  only  during  injection.  Its  band¬ 
width  is  determined  by  the  batch  spacing  (1.7  fts).  Sys¬ 
tem  B  needs  large  gain  but  low  power.  It  has  demanding 
low  noise  requirement.  It’s  bandwidth  is  also  determined 
by  the  batch  spacing.  System  C  has  a  wide  bandwidth, 
which  is  determined  by  the  bunch  spacing  (16.7  ns).  It 
does  not  need  much  power  or  gain,  but  the  noise  level  must 
also  be  low.  (It  may  be  possible  to  combine  B  and  C  into 
one  system.) 

All  the  three  systems  can  share  the  same  pickups.  But 
at  least  two  different  kickers  are  needed  —  one  for  A  (high 
power),  the  other  for  B  and  C  (low  power).  Each  system 
has  its  own  signal  processor.  These  systems  will  be  located 
in  the  west  utility  region  at  the  high  /3-function  points.  The 
pickups  should  avoid  the  dispersive  region.  Otherwise  the 
beam  loading  induced  coherent  syschrotron  oscillation  may 
cause  coherent  betatron  motion  through  dispersion. 

The  proposed  2-pickup,  2-turn  scheme  has  certain  ad¬ 
vantages.  By  using  two  pickups,  the  performance  of  the 
systems  will  be  independent  of  the  betatron  tune  of  the 
machine.  By  comparing  the  signals  from  two  (or  more) 
consecutive  turns,  one  can  reject  the  closed  orbit  signal 
that  is  not  needed  by  the  feedback  systems. 

The  requirements  of  the  power,  bandwidth,  gain  and 
noise  level  are  listed  in  the  table  above.  The  noise  level 
is  calculated  by  Eqs.  (16)-(19),  assuming  the  allowable 
emittance  growth  time  r<  is  24  hours,  while  the  growth 
time  rext  due  to  external  excitations  is  0.1  hour. 


The  theoretical  limit  of  the  pickup  resolution  comes  from 
the  thermal  and  electronic  noises.  It  can  be  approximately 
expressed  by: 

/avSin^V  Z 

in  which  ka  is  the  Boltzmann  constant,  T  the  temperature, 
A /  the  bandwidth,  NF  the  noise  factor  (in  dB),  6  the  half 
distance  between  two  pickup  electrodes,  Z  the  characteris¬ 
tic  impedance,  £  the  length  of  the  electrodes,  c  the  velocity 
of  light,  and  /av  the  average  beam  current.  The  value  of 
A*  must  be  smaller  than  xN  given  by  Eq.  (16)  in  order  to 
avoid  the  emittance  growth  problem. 

There  are  several  other  error  sources  that  are  not  in¬ 
cluded  in  this  analysis  but  may  also  put  a  limit  to  the 
pickup  resolution.  These  include  the  least  significant  bit 
(LSB)  error  if  a  digital  system  is  used,  and  the  mechanical 
vibration  of  the  pickup.  The  LSB  error  may  be  significant. 
As  an  example,  the  Tevatron  Super-damper  utilizes  an  8- 
bit  digital  system  for  signal  processing.  The  full  scale  is 
about  5  mm,  which  is  determined  by  the  residual  orbit  er¬ 
ror.  Therefore,  the  maximum  LSB  error  is  about  20  ft m.  It 
is  much  larger  than  the  theoretical  limit  Ax  and  is  a  pos¬ 
sible  source  of  the  emittance  dilution  increase  discussed  in 
Section  I. 
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Abstract 

We  are  reporting  on  the  design  and  preliminary  results 
of  a  prototype  digital  feedback  system  for  the  storage  rings 
at  the  NSLS.  The  system  will  use  a  nonlinear  eigenvec¬ 
tor  decomposition  algorithm.  It  will  have  a  wide  dynamic 
range  and  will  be  able  to  correct  noise  in  the  orbit  over  a 
bandwidth  in  excess  of  60  Hz.  A  Motorola- 167  CPU  board 
is  used  to  sample  the  PUE’s  at  a  minimum  rate  of  200  Hz 
and  an  HP-742rt  board  is  used  to  read  the  sampled  signals 
and  to  generate  a  correction  signal  for  the  orbit  correctors. 

1  Introduction 

In  synchrotron  radiation  facilities  the  stability  of  the  orbit 
(i.e.  the  time  dependent  changes  in  the  orbit)  is  extremely 
important.  An  unstable  orbit  reduces  the  effective  bright¬ 
ness  of  the  photon  source  and  increases  the  dynamic  aper¬ 
ture  of  the  beam  thus  reducing  lifetime.  Usually,  the  orbit 
can  be  stabilized  with  a  feedback  system.  At  present  there 
are  two  feedback  systems  operating  at  the  light  source. 
A  global  feedback  [1],  using  an  harmonic  correction  algo¬ 
rithm,  and  a  local  feedback  [2]  that  achieves  higher  beam 
stability  at  the  insertion  devices.  The  feedback  systems 
are  very  successful  at  reducing  beam  noise  at  frequencies 
of  up  to  50  Hz.  However,  above  30  Hz  there  is  a  significant 
reduction  of  gain  in  the  system. 

After  the  present  feedback  systems  were  implemented, 
significant  noise  was  observed  at  frequencies  above  50  Hz. 
Thus,  there  is  a  need  for  a  higher  bandwidth  of  the  feed¬ 
back  system.  In  addition,  the  present  systems  are  based  on 
analog  hardware.  Hence,  they  are  not  flexible  to  changes 
in  the  algorithm.  It  is  therefore  beneficial  to  develop  a 
digital  feedback  system  that  will  satisfy  the  present  needs 
and  will  be  flexible  enough  for  future  improvements. 

2  Algorithm  used 

In  implementing  the  digital  feedback  system,  we  are  us¬ 
ing  the  eigenvector  decomposition  based  orbit  correction 
method  described  in  Refs.  [3,  4].  This  method  will  yield 
the  ‘minimum’  kick  vector  required  for  a  desired  accuracy 
of  orbit  correction. 

For  any  given  circular  machine,  the  response  matrix  A 
‘translates’  between  a  0  kick  vector  and  the  resulting  X 
orbit  change: 

•Work  performed  under  the  auspices  of  the  U.S.  Dept,  of  Energy 
under  contract  no.  DE-AC02-76CH00016. 


X  =  AG  (1) 

In  general,  the  number  of  correctors  and  monitors  are  dif¬ 
ferent,  consequently  the  response  matrix  A  is  rectangular. 
Let  A j  be  the  eigenvalues  and  0j  the  corresponding  eigen¬ 
vectors  of  the  AT  A  matrix.  The  orbit  change  correspond¬ 
ing  to  the  j-th  eigenvector  is: 

Sj  =  Mi  •  (2) 

The  X0  orbit  to  be  corrected  is  essentially  decomposed  in 
terms  of  these  Xj  ‘eigen’  orbits: 

Nc 

Xa  =  ^  ]  Cj  ■  Xj  ,  (3) 

;'=i 

where 

Cj  =  Xo  ■  *j  ■  (4) 

Substituting  Eq.  (2)  into  Eq.  (3)  we  obtain 

Nc 

Xo~AY,Cj0j  ,  (5) 

i- 1 

that  is,  the  kick  vector  which  corrects  the  Xa  orbit,  can  be 
obtained  from  the  eigenvector  decomposition  of  this  orbit 
as: 

Nc  __ 

©  =  ■  (6) 
i=i 

3  Architecture 

3.1  Hardware 

The  system  will  rely,  mostly,  on  existing  hardware  with 
several  modifications.  The  basic  layout  is  depicted  in 
Fig.  1.  There  are  four  micros  involved.  The  PUE  mi¬ 
cro  will  sample  the  PUE  data  at  200  Hz  rate  (but  with 
sampling  time  of  2  msec).  The  data  is  then  transfered 
to  the  feedback  micro  which  calculates  the  orbit  correc¬ 
tion  and  optimizes  it.  The  kick  values  are  then  transfered 
into  the  trim  micro  which,  in  its  turn,  sets  the  new  val¬ 
ues  to  the  trims  power  supplies.  The  communication  be¬ 
tween  the  micros  is  done  directly  on  the  VME  bus  through 
shared  memory.  The  most  computational  intensive  task  is 
that  of  the  feedback  micro.  Hence,  we  chose  an  HP  742rt, 
which  we  estimate  to  run  six  times  faster  than  a  Motorola 
167/162  for  that  kind  of  application.  We  have  added  a 
fourth  micro  (control  micro)  to  the  design  in  order  to  iso¬ 
late  the  PUE  and  feedback  micros  from  the  general  control 
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network.  These  micros  are  expected  to  operated  at  close 
to  full  load.  Thus,  any  requests  addressed  to  them  on  the 
network  may  slow  them  down,  reducing  the  feedback  rate. 
The  control  micro  will  sample  the  PUE  micro  at  20  Hz 
and  will  make  this  data  available  to  workstations  for  ex¬ 
isting  control  programs  [5]  such  as  Real  Time  Orbit,  Fast 
Orbit  History,  etc.  This  micro  will  also  send  commands  to 
the  feedback  micro  and  display  data  on  its  status.  If  the 
need  arises,  it  is  possible  that  either  the  PUE  micro  or  the 
feedback  micro  will  write  200  Hz  orbit  history  to  a  DAT 
tape. 

In  order  to  prevent  aliasing  problem  the  PUEs  will  be 
set  up  with  an  analog  low  pass  filter  of  a  100  Hz. 


Figure  1 

Layout  of  the  feedback  system. 


3.2  Software 

The  PUE,  trim  and  control  micros  will  use  the  existing 
monitor  [6].  Their  programming  will  be  modified  to  place 
the  read  points  and  set  point  into  shared  memory,  and  to 
synchronize  data  collection  with  the  feedback  micro.  The 
device  read  points  for  the  PUEs  will  be  read  through  the 
control  micro,  and  will  be  updated  at  a  frequency  of  20 
Hz,  which  is  the  present  PUE  sampling  frequency.  A  new 
monitor  will  be  written  for  the  feedback  micro,  based  on 
the  HP-RT  operating  system.  The  orbit  correction  code  is 
a  modification  of  the  code  that  was  used  for  orbit  correc¬ 
tion  in  Refs.  [3,  4].  This  is  an  object  oriented  code  written 
in  C++. 


4  Preliminary  studies 

4.1  Algorithm 

A  preliminary  study  was  performed  on  the  NSLS  VUV 
ring,  using  the  existing  global  feedback  system.  The  eigen- 
orbits  and  eigen-kicks  [3, 4]  were  fed  to  the  feedback  system 
instead  of  the  harmonic,  data.  The  result  was  a  reduction 
of  17  db  in  the  noise  up  to  20  Hz.  It  is  expected  that  the 
future  system  will  perform  much  better  since  it  include 
more  trims  and  PUEs  and  it  optimizes  the  kick  values. 

4.2  Timing 

From  preliminary  study,  we  estimate  the  computation  time 
in  the  feedback  micro  to  be  1.5  msec/cycle.  The  sampling 
time  of  the  PUEs  is  2  msec  and  the  writing  time  of  the 
trims  is  1  msec.  It  is,  thus,  possible  to  complete  a  cycle 
in  5  msec,  which  is  the  maximum  time  allowed  in  order  to 
achieve  200  Hz  rate.  However,  it  is  necessary  to  synchro¬ 
nize  the  operation  of  the  three  micros. 
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Abstract 

To  reach  the  design  intensity  of  l.SxlO13  protons  per 
pulse  in  the  AGS  Booster,  transverse  coupled  bunch 
instabilities  with  an  estimated  growth  rate  of  1500s'1  have  to 
be  dampened.  A  prototype  transverse  damper  has  been  tested 
successfully  using  a  one  turn  digital  delay  and  closed  orbit 
suppression  implemented  in  a  programmable  gate  array.  An 
updated  damper,  which  includes  an  algorithm  to  optimize 
damping  for  a  changing  betatron  tune,  will  also  be  presented. 

I.  INTRODUCTION 

As  the  intensity  of  protons  per  pulse  in  the  AGS 
Booster  increases,  the  resistive  loss  in  the  vacuum  pipe  will 
induce  a  force  on  the  beam  which  causes  the  beam’s 
transverse  oscillations  to  increase  with  time  and  ultimately 
results  in  beam  loss.  [1]  Figure  1A  illustrates  the  damping 
method  used  to  prevent  beam  loss  from  such  coupled  bunch 
transverse  instabilities.  On  every  turn  of  a  particular  bunch, 
its  position  at  a  PUE  sensor  is  measured  and  processed.  The 
kick  needed  to  dampen  transverse  oscillations,  once 
calculated,  is  placed  on  a  queue  and  is  clocked  out  as  the 
beam  arrives  at  the  kicker  on  the  next  turn. 

The  processing  unit  consists  of  several  sub-blocks  which 
are  illustrated  in  figure  l.B.  The  sum  and  difference  signals 
are  normalized  using  an  analog  normalizer.  The  normalized 
voltage  signal  is  then  integrated,  which  results  in  a  voltage 
level  proportional  to  the  transverse  position  of  the  beam  with 
respect  to  pipe  center.  The  horizontal  and  vertical  beam 
position  values  are  then  digitized  to  an  eight  bit  resolution. 
These  two  eight  bit  values  are  fed  into  a  digital  block  which 
generates  the  proper  kick  to  apply  to  the  bunch  as  it  passes 
through  the  kicker  plates  on  the  next  turn. 
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Figure  1A.  Damper  system  in  the  AGS  Booster 
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Figure  IB.  Sub-blocks  in  the  Damper  low  level  system 


II.  DESIGN  OF  DAMPER  SYSTEM 

A.  Damping  Algorithm 

The  goal  of  the  Damper  is  to  reduce  the  coherent  dipole 
motion  of  the  beam.  The  coherent  motion  of  the  PUE  can  be 
expressed  in  terms  of  the  Courant-Snyder  invariant  c: 

e  =  xfyX1  +  2aXX’  +  0X”) 

where  or,  /S,  y  are  the  Twiss  parameters  and  X,  X’  are  the 
position  and  angle  of  the  beam  at  the  PUE.  A  kick  0  at  the 
kicker  location  will  change  e  by: 

At  =  2  v(aX  +  /3X’)0 

*  2x((acos(2xQ)  -sin(2TQ»X  ,  +0cos(2irQ)X’  ,]0 

where  the  second  line  shows  At  as  a  function  of  the  position 
and  angle  of  the  previous  turn;  Q  is  the  betatron  tune.  The 
expression  for  At  becomes  particularly  simple  for  Q=4.75: 

At  =  2rX,0 

Therefore,  by  making  the  kick  proportional  and  opposite  in 
sign  to  the  previous  turn,  t  will  be  reduceJ  monotonically. 
This  mode  of  operation  was  used  in  the  prototype  system. 

To  accommodate  a  betatron  tune  other  than  4.75,  data 
for  X’.,  must  also  be  taken.  In  a  future  Damper 
implementation,  the  PUE  position  information  from  two  turns 
previous  to  the  kick,  X.j,  is  used  as  well  as  X.,.  Ae  is  then: 

Ae=  -G[(cos(4tQ)  /sin(2TQ))X,  +(cos(2*Q)  /sin(2*Q))X  J 
=  -C[  C,X,  +  C,X  J 

where  G  is  the  loop  gain  and  the  coefficients  C ,  and  C ,  are 
tune  dependent.  They  are  shown  in  Figure  2.  With  these 
coefficients,  the  damping  rate  is  independent  of  the  betatron 
tune.  Such  a  scheme  will  be  implemented  with  a  non-recursive 
digital  filter. 
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Figure  2.  Coefficients  for  2-tum  damping  algorithm.  The 
solid  line  is  C,  and  the  dashed  line  is  C.,. 

B.  Analog  normalizer 

As  was  explained  in  the  introduction,  the  PUE 
difference  signal  is  normalized  with  the  sum  signal  in  order 
to  obtain  an  intensity  independent  value  for  position.  The 
schematic  illustrated  in  figure  3  shows  the  analog  normalizing 
circuitry  used  in  the  system.  Essentially,  the  sum  signal  is  the 
input  to  an  auto-gain  control  circuit  which  keeps  the  output 
level  of  a  voltage  controlled  amplifier  constant  for  a  changing 
sum  intensity. 


Vcc 


Figure  3.  Schematic  for  Analog  Normalizer 


This  is  achieved  by  using  the  output  from  the  amplifier 
to  limit  the  charging  of  a  capacitor.  The  voltage  on  the 
capacitor,  in  turn,  feeds  back  to  the  gain  control  of  the 
amplifier.  Thus  a  feedback  is  established  in  which  the  charge 
on  the  capacitor,  which  is  directly  related  to  the  time  integral 
of  the  sum  signal,  controls  the  level  of  the  output.  As  the 
intensity  of  the  sum  signal  increases,  less  current  is  available 
to  charge  the  capacitor,  which  results  in  less  gain  on  the 
amplifier.  Consequently,  the  output  level  is  always  held  at  a 
set  level  determined  by  the  amount  of  dc  current  set  to 
charge  the  capacitor.  The  result  of  this  auto-gain  control  is 
that  the  voltage  controlling  the  gain  is  related  to  the  inverse 
of  the  time  integral  of  the  sum  signal.  By  using  this  same 


voltage  to  set  the  gain  of  a  matched  amplifier  whose  input  is 
the  difference  signal,  the  desired  normalization  takes  place. 
The  advantage  of  this  particular  scheme  is  that  a  dual  voltage 
controlled  amplifier  with  a  40dB  dynamic  range  could  be 
utilized,  resulting  in  a  high  level  of  sensitivity. 

C.  Fast  Integrator 

The  output  from  the  normalizing  circuitry,  must  be 
integrated  every  rf  period  of  the  accelerator.  In  the  case  of  the 
AGS  Damper,  the  bunches  have  a  maximum  duty  factor  of  .7S 
and  a  maximum  frequency  of  4.S  MHz.  Also,  it  is  true  that 
the  signals  from  the  PUE  are  AC  coupled,  which  means  that 
no  set  zero  baseline  is  available  for  integration.  The  schematic 
shown  in  figure  4.  represents  the  scheme  which  is  utilized  in 
the  damper  system.  The  normalizer  signal  is  split  into  two 
integrating  channels,  which  effectively  halves  the  bandwith 
through  either  channel.  This  is  achieved  with  the  use  of  fast 
track  and  hold  amplifiers.  As  a  result  of  this  scheme,  one 
amplifier  tracks  the  current  bunch  while  the  other  holds  the 
baseline  level.  Consequently,  a  zero  baseline  level  is 
established  by  subtracting  the  held  level  from  the  channel 
signal.  Once  the  integration  is  finished,  the  two  channels  are 
analog  multiplexed  to  form  a  single  channel  which  outputs  an 
integral  value  for  every  beam  bunch 


D.  Digital  Kick  Calculator 

In  section  A.  it  was  explained  that,  in  the  case  of  a 
fractional  betatron  tune  of  .75,  the  damping  kick  is  directly 
related  to  the  current  position  value.  However,  the  closed 
orbit  component  of  the  position  value  was  neglected.  It  is 
necessary,  to  subtract  the  portion  of  the  position  information 
which  is  due  to  the  closed  orbit.  The  block  diagram  illustrated 
in  figure  5  demonstrates  a  way  to  digitally  implement  closed 
orbit  suppression.  Initially,  all  registers  and  memory  is 
cleared.  As  position  information  is  fed  into  the  algorithm,  a 
running  average  is  taken.  Also  the  values  are  stored  on  a 
circular  buffer.  In  this  implementation,  an  average  of  32 
bunches  is  taken.  Once  32  values  are  stored  in  the  buffer,  the 
next  bunch  position  information  overwrites  the  earliest  value 
in  the  buffer  and  an  average  of  these  32  values  is  taken.  Since 
32  is  a  power  of  2,  averaging  is  done  simply  by  using  an 
accumulator  whose  output  is  shifted  5  bits,  ie.  divided  by  the 
number  32.  Once  this  value  is  obtained,  it  is  subtracted  from 
the  current  position  information.  The  value  is  then  placed  into 
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a  register  and  is  latched  to  the  output  at  the  appropriate  time. 
The  digital  system  is  implemented  using  a  programmable 
logic  array,  which  integrates  all  the  logical  blocks  illustrated 
in  figure  5.  except  the  32x8  bit  buffer.  A  fast  static  ram 
memory  device  was  used  to  implement  the  buffer. 


kicker  voltage,  which  enabled  both  damping  or  antidamping. 
This  was  useful,  since  successful  antidamping  causes  beam 
loss  which  can  be  seen  on  a  current  monitor.  In  order  to  show 
damping,  a  small  kick  was  applied  to  produce  transverse 
oscillations  that  slowly  decayed  with  time  when  the  damper 
system  was  off.  With  the  damper  system  activated,  the 
coherent  oscillations  could  be  dampened  within  about  l.S  ms. 
With  anti-damping  on,  a  persistent  oscillation  could  be 
observed  and,  with  increased  loop  gain,  beam  was  lost. 
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Figure  S  Digital  Closed  Orbit  Suppression  Logic 


E.  Timing  Considerations 

It  is  crucial  for  the  proper  operation  of  the  AGS  Booster 
damper  system  that  retrieval  of  position  information  be 
synchronized  with  the  beam  and  the  damping  kick  be 
administered  at  the  correct  time  with  respect  to  the  beam. 
Consequently,  timing  signals  to  the  system  must  be 
synchronized  with  the  Booster  rf  frequency.  The  rf  low  level 
system  produces  an  rf  signal  which  is  phase  locked  to  the 
accelerating  bunches  at  the  location  on  the  ring  where  the 
damping  system  resides.  This  signal  is  used  to  control  and 
synchronize  all  signals  necessary  for  damper  operation.  One 
problem  which  arises  is  that  there  is  a  fixed  output  delay  time 
from  the  moment  of  latching  the  output  data  to  the  time  when 
voltage  is  developed  on  the  kicker  plates.  This  time  delay 
corresponds  to  a  phase  shift  which  changes  with  rf  frequency. 
In  order  to  compensate  for  this  delay,  a  second  rf  signal  was 
sent  to  the  damper  system  which  is  time  advanced  by  the 
exact  amount  of  output  delay  existing  in  the  system.  In  this 
way,  the  voltage  on  the  kicker  plates  is  phase  locked  to  the 
beam  at  all  frequencies. 

in.  RESULTS  OF  PROTOTYPE  SYSTEM 

In  order  to  simplify  construction  and  experimentation,  the 
first  prototype  system  was  constructed  for  damping  in  one 
transverse  direction;  the  vertical  plane  was  chosen  due  to  the 
higher  likelihood  of  instability  in  this  dimension.  Also,  as 
was  explained  in  section  A,  the  prototype  system  was 
designed  to  operate  with  a  betatron  tune  of  4.75.  Making  this 
tune  assumption  enables  the  simplification  of  the  digital  kick 
calculation,  since  at  this  tune  the  kick  is  proportional  to  the 
position  value  of  the  bunch  on  the  previous  turn.  The 
prototype  system  allowed  for  switching  the  polarity  of  the 
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Abstract 

A  new  approach  has  been  developed  for  beam 
position  monitors  (BPM)  [1]  in  the  new  600  keV  beamline  [2]. 
A  single  four  layer  printed  circuit  board,  attached  with  short 
(0.3  m)  cables  to  the  electrodes,  processes  the  raw  signals  and 
outputs  voltages  proportional  to  the  beam  intensity,  horizontal 
and  vertical  position,  and  quadrapole  moment.  Newly- 
available  high-speed  operational  amplifiers  are  used 
exclusively  instead  of  more  conventional  rf  components.  The 
rf  input  frequency  can  be  as  high  as  36  MHz,  and  the  IF 
frequency  is  100  kHz.  The  output  signals  from  each  monitor 
will  be  digitized  by  the  VME-based  control  system  which  will 
provide  operator  displays  and  use  the  information  as  feedback 
in  automatic  loops  controlling  the  beam  position,  envelope, 
and  dispersion.  The  signal  processing  at  each  BPM  location 
eliminates  the  need  for  expensive  multiplexing  and  routing  of 
signals  to  a  central  processing  location.  The  cylindrical 
electrode  is  split  into  four  equal  segments  allowing  both 
horizontal  and  vertical  information  to  be  obtained  at  each 
location  thus  minimizing  the  required  beamline  insertion 
length. 

I.  INTRODUCTION 

The  new  high  intensity  polarized  ion  source  (HIPIOS) 
[3]  being  commissioned  at  IUCF  is  designed  to  increase  the 


intensity  of  the  polarized  beams  by  an  order  of  magnitude 
over  that  provided  by  the  existing  polarized  ion  source.  The 
30  m  long  beam  transport  system  connecting  the  600  kV  ion 
source  terminal  to  the  cyclotron  has  been  designed  with  the 
goal  of  increasing  the  transmission  efficiency  of  the  beams 
from  the  source  to  extraction  from  the  main  stage  cyclotron 
from  the  present  range  of  4  -  10%  to  as  high  as  20  -  50%. 
The  BUM  system  is  the  key  diagnostic  in  this  new  beamline 
and  will  be  used  for  non-destructive  monitoring  of  the  beam 
intensity  and  measurement  and  control  of  the  beam  position, 
dispersion,  and  envelope. 

Each  BUM  electrode  will  have  a  dedicated  set  of 
electronics  contained  on  a  single  four  layer  circuit  board. 
This  approach,  although  requiring  more  electronics,  is  more 
efficient  and  cost  effective  than  a  single  processing  approach. 
Radio  frequency  (rf)  signals  remain  localized  to  the  electrode 
location  thus  eliminating  costly  cable  runs  and  multiplexing 
systems.  The  position  and  intensity  information  from  any 
electrode  is  available  to  the  computer  at  all  times,  thus 
eliminating  timing  complications  and  increasing  the  system 
bandwidth. 

This  approach  is  made  possible  by  the  use  of  newly 
available,  low  cost  operational  amplifiers  and  a  custom,  high 
density  circuit  board.  The  system  (Fig.  1)  consists  of  four 
major  subsystems:  (1)  the  pickup  electrode,  (2)  the  rf  section, 
(3)  the  mixer/intermediate  frequency  (IF)  section,  (4)  and  the 


rf  SECTION 


IF  SECTION 


DETECTOR  SECTION 


TO  COMPUTER 


Figure  1.  Block  diagram  of  BPM  electronics. 
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detector  section. 

Hie  system  will  operate  at  rf  frequencies  in  the  range 
from  27  to  35  MHz  though  operation  in  the  range  from  <  1 
to  >  50  MHz  is  possible;  the  IF  frequency  was  limited  to 
100  kHz  to  ease  the  gain-bandwidth  requirements  of  amplifiers 
in  the  IF  section.  The  four  layer  circuit  board  is  7.5  inches 
wide  and  9  inches  long.  It  houses  23  integrated  circuit  (IC) 
chips,  250  resistors,  130  capacitors  and  various  other  support 
components.  The  required  supply  voltages  are  ±  5  and 
±  15  V.  Each  board  has  a  local  oscillator,  split  4  ways,  and 
4  rf  test  inputs  with  control  bits  (left,  right,  up,  and  down). 
The  output  voltages  are  proportional  to  the  beam  intensity, 
horizontal  and  vertical  position,  and  quadrapole  moment. 
Two  other  outputs  provide  voltages  proportional  to  the 
amplitude  of  low  frequency  modulation  of  the  beam  position 
in  each  plane. 

H.  SYSTEM  DESCRIPTION 

A.  Pickup  electrode  and  rf  section 


both  added  and  subtracted  after  the  input  buffer  amplifiers. 
The  sum,  E,  and  difference.  A,  signals  are  then  converted  to 
IF  signals. 

Each  BUM  circuit  board  has  an  rf  test  signal  input 
with  computer  on/off  control.  This  test  signal  can  be  applied 
to  any  combination  of  the  four  electrode  inputs.  These  signals 
are  used  as  a  system  operational  and  diagnostic  test  as  well  as 
for  initial  calibration. 

B.  Mixer/IF  section 

The  IF  is  derived  by  mixing  the  rf  beam  signal  with 
a  local  oscillator  signal  having  a  frequency  100  kHz  higher 
than  the  beam  signal  using  a  Mini-Circuits  SRA-3H  [4]  level 
17  mixer  having  a  maximum  rf  input  power  level  of  10  dBm. 
A  100  kHz  low  pass  filter  follows  the  mixer.  The  amplifiers 
used  in  the  IF  section  are  Elantec  EL2424  high  speed  op-amps 
[5].  The  EL2424  has  a  unity-gain  bandwidth  of  60  MHz.  All 
of  the  amplifiers  in  the  IF  are  also  used  as  active  filters  to 
further  reduce  the  level  of  higher  frequency  products  from  the 
mixers. 


The  electrode  diameter,  £>,  is  76  mm  and  length,  L, 
is  50  mm.  The  total  input  capacitance,  C,  which  is  the  sum 
of  the  electrode,  input  cable  and  amplifier  capacitances,  is 
»  75  pF.  The  cable  length  from  electrode  to  amplifier  is  as 
short  as  possible  to  minimize  the  capacitance  and  maximize 
the  effective  electrode  impedance,  Z,  which  is  given  by: 


Z  = 


L 

pcC 


(1) 


where  c  is  the  speed  of  light  and  (3  =  i>/c  =  0.0357  for 
600  keV  protons.  Using  the  above  values,  we  obtain  a  Z  of 
62  0. 

The  input  buffer  amplifier  is  a  Comlinear  CLC400, 
a  fast  settling,  wideband,  operational  amplifier  [3].  Its  input 
noise  is  6.3  nV/t/Hz.  The  noise  voltage,  V7rfrr.  signal  voltage, 
and  rms  position  resolution,  8,  are  given  by: 


=  6.3  —  {BW 

yfm 


a  = 


rz 

4 


V^D 


fiv. 


signal 


(2) 


where  I  is  the  beam  current  which  will  be  in  the  range  from 
1  to  100  p A,  and  BW  is  the  output  bandwidth  (2.8  kHz).  For 
beam  currents  in  this  range  we  expect  8  to  vary  from  1.2mm 
to  12  pm.  Bunching  factor  is  not  included  in  Eq.  2  since  the 
detector  is  tuned  to  a  single  harmonic  of  the  fundamental 
frequency. 

The  left  and  right,  or  up  and  down,  input  signals  are 


C.  Position  detector 

The  position  detection  is  accomplished  using  the 
standard  amplitude  to  phase  conversion  technique[6].  The  two 
resulting  signals  are  converted  to  digital  signals,  or  leveled, 
using  a  Maxim,  Max901  quad,  high-speed,  voltage  comparator 
[7].  The  phase  is  detected  with  an  exclusive-or  gate.  The 
phase  detector  output  is  offset  and  amplified.  The  sensitivity 
is  0.26  V/mm,  with  a  fullscale  output  of  ±  10  V. 

A  system  of  4  steerers  operating  at  10  Hz  will  move 
the  beam  along  an  ellipse  having  the  same  shape  as  the 
measured  beam  emittance  at  the  beginning  of  the  line.  The 
peak  detector  section  is  used  to  measure  the  amplitude  of  the 
position  modulation  at  each  BUM  consequently  giving  the 
operators  an  online  measurement  of  the  beam  envelope.  The 
computer  will  also  use  this  data  to  optimize  the  strength  of 
quadrapoles.  The  position  signals  are  sent  through  half-wave 
rectifiers,  then  filtered  and  amplified  to  produce  a  dc  signal 
proportional  to  the  position  modulation  amplitude  with  less 
than  2%  ripple. 

The  intensity  output  of  the  BUM  is  the  rectified  sum 
of  the  horizontal  and  vertical  E  channels.  The  intensity  range 
is  1  —  100  pA. 

The  quadrapole  moment  is  a  test  circuit  yet  unproven 
in  design  or  usefulness.  This  circuit  calculates  the  ratio  of  the 
difference  in  the  E  signals  to  the  sum  of  the  E  signals  using  a 
circuit  identical  to  the  position  measurement  circuit. 

IE.  SYSTEM  PERFORMANCE 

The  dynamic  range  of  the  position  detector  is  greater 
than  50dB.  The  normal  range  of  operation  is  1  —  100  pA. 
Within  a  35  dB  normal  operating  range,  position  gain  errors 
of  less  than  300  pm  (Fig.  2)  and  zero  offset  errors  of  less  than 
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200  jim  (Fig.  3)  have  been  observed  under  bench  test 
conditions.  The  output  bandwidth  of  the  position  detector  and 
intensity  detectors  are  2.8  and  1  kHz  respectively. 


Attenuation  [ dB ] 

Figure  2.  Position  gain  error  (in  jtm)  as  a  function  of  input 
level  over  a  SO  dB  range. 

Position  Zero  Offset  Error 


level  over  a  50  dB  range. 
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IV.  Conclusions 

With  the  introduction  of  high  speed,  wide  bandwidth, 
and  low  cost  op-amps,  design  of  accurate  and  reliable  beam 
position  detectors  has  been  made  simpler  for.  Although  many 
of  the  ideas  of  beam  position  measurement  have  been  used 
before  in  the  laboratory  they  have  not  been  carried  out  using 
this  technology. 
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Abstract 

A  beam-position  monitor  (BPM)  has  been  installed  in  the 
transport  lines  between  the  Accumulation  Ring  (AR)  and  the 
Main  Ring  (MR)  of  TRISTAN.  This  monitor  comprises 
stripline  and  button  electrodes,  detectors  and  charge-sensitive 
ADCs.  The  detector  is  a  homodyne  type  synchronous-receiver 
at  70  MHz  with  four  channels  corresponding  to  four  electrodes. 
Operation  software  automatically  displays  the  detected  beam 
position  and  its  charge  on  a  TV  screen  after  each  passage  of  the 
beam.  The  system  is  stable  and  is  used  to  monitor  the  drift  of 
the  beam  position.  This  is  a  brief  report  on  the  monitor. 
Details  are  seen  in  ref.[l]. 

1.  INTRODUCTION 

The  TRISTAN  Main  Ring  (MR),  an  electron/positron 
collider,  catches  a  bunch  extracted  from  the  Accumulation  Ring 
(AR).  This  bunch  is  transported  through  a  long  line  with  a 
length  of  170  m  for  injection  into  the  MR.  Before,  we  could 
not  easily  watch  a  bunch  during  the  transfer.  If  some  trouble 
occurred  in  the  line,  we  had  no  useful  tool  to  diagnose  it. 
Thus,  the  efficiency  of  the  transfer,  defined  as  the  injected  beam 
charge  in  the  MR  divided  by  a  circulating  charge  in  the  AR, 
was  poor.  In  order  to  improve  the  efficiency  and  to  clarify 
the  transportation  status,  a  nondestructive  beam  position 
monitor  is  required. 

The  transport  lines  [2]  guide  electron  and  positron  beams  of 
8  GeV  'rom  an  AR  extraction  point  to  an  MR  injection  point. 
The  AR  accumulates  an  electron  or  positron  beam  of  2.5  GeV 
up  to  the  required  beam-current  level.  The  magnetic  field  of 
the  AR  increases  for  a  ramping  beam  energy  of  up  to  8  GeV. 
The  beam  is  then  extracted  from  the  AR.  The  magnetic  field 
decreases  after  the  extraction  until  the  next  beam.  This  AR 
cycle  takes  about  60  seconds,  .101  constant,  since  the  period 
depends  on  the  required  accumulated  beam-current  and  other 
injection  conditions.  Thus  the  extraction  is  irregular.  There 
are  two  symmetrical  lines:  one  for  an  electron  beam  and  the 
other  for  a  positron  beam.  Each  line  is  about  170  m  long  and 
comprises  eighteen  dipole  magnets,  twenty-four  quadrupole 
magnets  and  some  correction  magnets. 

2.  DESIGN 

An  extracted  beam  from  the  AR  is  a  single  bunch  with  a 
charge  of  1  -  25  nC.  This  charge  depends  on  the  beam  current 
of  the  AR.  The  rms  bunch  length  of  a  bunch  is  expected  to 
be  about  20  mm,  or  67  ps.  The  beam  position  should  be 


detected  in  one  passage  of  a  bunch,  since  the  period  of  the 

extraction  is  very  long  and  irregular.  The  required 

specifications  for  a  position  measurement  are: 

accuracy  :  0.5  mm 

resolution  :  0.1  mm 

dynamic  range  :  30  dB 

number  of  monitor  station  :  4  for  each  line. 

In  order  to  avoid  external  noise  and  to  obtain  a  good  S/N 
ratio,  a  simple  homodyne  receiver  using  a  synchronous  detector 
has  been  adopted,  which  directly  rectifies  an  RF  ringing  signal 
without  any  frequency  conversion.  Since  the  noise  spectrum 
of  the  kicker  exists  up  to  30  MHz,  the  detected  frequency 
should  be  greater  than  30  MHz.  When  the  frequency  is  greater 
than  100  MHz,  however,  it  is  technically  difficult  to  rectify. 
The  loss  in  a  cable  increases  as  the  frequency  increases.  On 
the  other  hand,  the  transfer  impedance  of  a  pick-up  electrode, 
such  a  stripline  or  a  button,  is  proportionally  increased  as  the 
frequency  increases  in  the  region  below  100  MHz.  Therefore, 
the  detected  frequency  was  chosen  to  be  70  MHz. 

An  expected  peak  voltage  of  the  ringing  using  the  narrow¬ 
band  method  is  proportional  to  the  bandwidth  of  a  BPF,  and  is 
given  as 

Vp=2-eN-  |ZJ- Af  (1) 

Here,  IZjl  is  the  transfer  impedance  of  a  pick-up  electrode  and 
Af  is  the  full  bandwidth  of  a  BPF.  Assuming  eN=l  nC  and 
Af=  10MHz,  the  peak  voltage  picked  up  by  the  stripline  is 
Vp=40  mV,  when  IZtl=  2£2  at  70  MHz.  In  the  case  of  the 
button,  the  peak  voltage  is  one-order  less  than  that  of  the 
stripline  and  is  expected  to  be  2  to  4  mV.  It  is  not  difficult  to 
detect  the  RF  signal  with  the  amplitude  of  several  mV. 

Two  methods  are  considered  to  obtain  the  beam  position. 
One  is  called  an  analog  method,  which  generates  the  A/I 
function  before  the  RF  detection.  This  method  requires  hybrid 
junctions  and  a  divider  in  an  analog  circuit.  One  may  note 
some  errors  in  the  analog  circuit  and  the  coupling  among  the 
beam  signals  from  the  electrodes.  The  other  is  a  digital 
method,  where  the  digitization  using  a  ADC  is  performed 
before  the  A/I  function.  The  resolution  of  the  ADC  limits 
the  dynamic  range  of  the  system.  This  is  covered  by  a 
programmable  attenuator.  In  order  to  avoid  errors  due  to  the 
coupling  among  channels,  the  one-to-one  method  has  been 
adopted,  where  each  beam  signal  picked  up  by  each  electrode  is 
delected  and  digitized. 
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3.  SYSTEM 

Fig.  1  shows  approximate  locations  of  the  monitor 
stations  in  the  transport  lines.  The  total  number  of  the 
monitors  is  ten.  Five  monitors  are  installed  for  each  line. 
The  monitors  are  installed  near  quadrupole  magnets,  and  are 
called  E/P03,  E/P04,  E/P23  and  E/P24.  Letters  E  and  P  mean 
electron  and  positron  line,  and  the  following  numbers  called 
after  quadrupole  magnets  also  mean  locations.  The  monitors 
at  E21  and  P21  are  used  to  generate  a  timing  pulse  for 
detection.  The  monitors  at  E/P03  and  E/P04  are  mounted  at 
the  upper-stream  side,  and  mainly  watch  the  extracted  beam 
from  the  AR.  On  the  other  hand,  the  monitors  at  E/P23  and 
E/P24  watch  the  injection  condition  to  the  MR. 


Fig.  1  Locations  of  the  monitor  chambers  in  the  transport 
lines. 


Fig.2  shows  an  outline  of  the  system.  The  system 
comprises  pick-up  electrodes,  cables,  detectors  and  ADCs. 
The  beam  pulse  picked  up  by  each  electrode  is  directly  sent  to 
the  West-Room  of  the  AR  through  a  cable,  where  detectors  and 
ADCs  are  mounted  in  a  rack.  The  room  temperature  is  kept 
constant.  Before  a  beam  pulse  is  fed  to  a  detector,  the  pulse 
passes  through  a  coaxial  SPDT  switch  (single  port  double 
transport,  Teledyne  (CS-33S10))  and  a  programmable 
attenua'.or  (Weinschel  3201).  The  switch  is  used  to  select 
either  an  electron  or  positron  beam.  The  switches  have  32 
channels  of  inputs  corresponding  to  each  signal  from  the 
electrodes.  The  programmable  attenuator  can  control  the 
signal  level  in  steps  of  4  dB.  The  detector  rectifies  a  70  MHz 
component  of  a  beam  pulse.  The  ADC  holds  the  charge  of  a 
beam  pulse  gated  by  a  liming  pulse.  A  beam  signal  picked  up 
by  E/P21  is  bipolar,  and  is  converted  to  a  pulse  with  constant 
level  of  N1M  and  a  width  of  300  nsec  by  a  zero-cross 
discriminator.  This  NIM-pulse  is  delayed  by  1  to  2  ps  in 
order  to  overlap  it  on  a  crest  of  a  detected  pulse;  it  is  fed  to  the 
gate  input  of  the  ADC.  This  closed  system  has  advantages  of 
being  jitter-free  and  easy  to  maintain.  The  detector  and  the 
ADC  are  common  for  electron  and  positron  beams  for  easy 
maintenance.  Stored  digital  data  are  read  by  a  computer 
network  of  TRISTAN. 


Fig.  3  shows  a  block  diagram  of  one  channel  of  a  BPM 
detector.  A  beam  pulse  is  stretched  by  a  LPF  (low-pass 
filter),  the  cut-off  frequency  of  which  is  100  MHz,  and  passes 
through  a  BPF.  The  center  frequency  of  the  BPF  is  70  MHz, 
and  the  bandwidth  is  10  MHz.  The  BPF  converts  a  pulse  to  a 
ringing  waveform  with  a  frequency  of  70  MHz.  The  duration 
of  the  ringing  is  140  ns,  and  depends  on  the  bandwidth,  (10 
MHz).  In  order  to  avoid  any  distortion  in  the  ringing 
waveform,  a  SAW  (surface  acoustic  wave,  Murata 
SAF70MH00N)  filter  is  used.  The  ringing  waveform  is 
amplified  with  a  low-noise  amplifier  (NEC,  2SC3358, 
NF=1.1  dB)  and  is  then  sent  to  a  synchronous  detector.  The 
bandwidth  of  the  detector  is  determined  by  the  cut-off  frequency 
of  the  LPF,  (500  kHz). 


INPUT 


Fig.  3  Block  diagram  of  the  detector  electronics. 

4.  PERFORMANCE 

The  resolution  of  the  detection  system  was  measured  by 
repeatedly  reading  the  position  data  about  100  times.  Fig.  4 
shows  the  standard  deviation  of  the  position  data  change  as  a 
function  of  the  input  charge.  A  standard  deviation  of  10(im 
was  obtained  at  full  scale.  The  standard  deviation  is  roughly 
proportional  to  the  input  level.  This  means  that  the 
resolution  of  the  detector  is  mainly  determined  by  that  of  the 
ADC,  where  the  ADC  has  1 1  bits.  However,  it  was  found 
that  the  pedestal  of  the  ADC  fluctuated  with  3  -  4  counts. 
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Therefore,  the  expected  best  resolution  is  about  8  pm,  which 
agrees  with  the  measured  value. 

The  long-time  stability  was  tested.  A  pulse  with  an 
amplitude  of  70%  of  the  maximum  level  was  applied  to  the 
detector  through  a  four-way  divider.  Position  data  were 
recorded  every  one  hour.  Both  variations  in  the  horizontal  and 
vertical  directions  settled  within  ±50  pm.  No  drift  was 
observed. 

The  nonlinearity  of  the  detector  produces  a  position  shift 
which  depends  on  the  input  level.  In  order  to  reduce  the 
nonlinearity,  the  gain  of  the  detector  is  changed  from  a  fixed 
value  to  be  a  function  of  the  input  level.  A  correction  curve, 
which  is  the  difference  between  a  linear  line  and  the  measured 
values,  is  obtained  using  a  second-order  polynomial.  The 
correction  is  common  among  the  four  channels  and  the  four 
detectors  for  simplicity.  A  position  shift  was  also  measured 
with  an  artificial  imbalance  of  the  input  level.  Attenuators  of 
6  dB  were  inserted  at  two  channels,  (the  A  &D  channels  of  the 
detector).  This  imbalance  produces  a  position  offset  of  6  mm. 
Fig.  5  shows  the  position  deviation  from  the  reference  with 
and  wuhout  a  correction.  The  position  shift  is  reduced  to  be 
less  than  0.2  mm  from  0.8  mm  in  the  range  of  20  dB. 

Early  during  a  beam  test  the  system  suffered  from  external 
noise.  First,  a  noise  was  observed  in  a  detected  beam-pulse. 
It  was  found  that  this  noise  invaded  through  a  power  line  of 
AC  100  V  for  a  scope.  A  shielded  transformer  was  inserted 
there  in  order  to  eliminate  the  noise.  Next,  the  gate  pulse 
generated  by  a  beam-pulse  was  doubly  triggered  by  reflections 
in  the  signal  line.  An  attenuator  made  the  reflections 
negligibly  small. 

The  long-time  stability  was  recorded  during  routine 
TRISTAN  operation.  The  stored  position  data  are  useful  for 
investigating  the  stability  of  the  extraction  components  of  the 
AR. 


E  0.2 

E 


'■5  -0  2  t  * 


§  -0-6 


M  -0.8 

O 

Q. 


Detector03H 


Ref.  Value 


with  correction 


3b  without  correction 


10  20  30 

input  Charge  (nC) 
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Fig.  4  Position  resolution  as  a  function  of  the  input  charge. 


I  5.  SUMMARY 

A  BPM  system  has  been  installed  in  the  transport  lines. 
A  homodyne  receiver  is  used  at  70  MHz  in  order  to  avoid  any 
external  noise.  The  system  contributes  to  the  diagnosis  on 
:  the  transfer  process.  The  performance  of  the  BPM  system  is 
summarized  as  follows: 

1)  The  resolution  of  position  is  10  pm  rms  value  at  the  full 
scale. 

2)  The  position  accuracy  is  about  0.3  mm  over  a  dynamic 
range  of  16  dB. 

3)  The  minimum  detectable  beam-charge  is  1.0  nC.  The 
dynamic  range  is  more  than  30  dB  using  a  programmable 
attenuator. 

4)  The  absolute  value  of  beam-charge  is  unclear.  A 
systematic  error  may  exist. 

5)  Storing  beam-position  data  is  useful  for  monitoring  its  drift. 
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Abstract 

We  have  developed  a  BPM  system  that  uses  PIN  diodes  for 
switching  and  attenuating  RF-signal,  being  intended  as  more 
high-speed  and  reliable  than  using  mechanical  switches 
instead.  This  system  has  already  been  working  in  the  SOR- 
RING  of  ISSP.  Large  unevenness  of  BPM  data  that  would 
unexpectedly  occur  in  a  case  of  mechanical  switches  has  never 
been  observed.  Moreover,  relative  accuracy  of  the  order  of 
sub-micron  has  been  anained  with  this  system. 

1.  Introduction 

A  third-generation  VUV  ring  with  a  low  emittance  of 
several  nm-rad  is  being  designed  at  the  SRL  of  ISSP  in  close 
collaboration  with  the  Photon  Factory  of  KEK.  In  such  a 
ring  that  can  supply  highly  collimated  synchrotron  light  to 
experimental  stations,  the  beam  position  monitor  (BPM) 
would  take  a  more  important  role  than  ever,  e.  g„  to  measure 
a  tiny  drift  of  beam  orbit  and  to  correct  it.  As  one  of  the 
R&D's  for  the  future  plan  of  the  high-brilliant  source,  we 
have  developed  a  BPM  system  that  uses  PIN  diodes  for 
switching  and  attenuating  RF-signals  from  pickup  electrodes. 
The  purpose  of  using  PIN  diodes  is  to  obtain  more  high-speed 
and  reliable  than  using  mechanical  coaxial  switches. 


Fig.  1  Plan  view  of  SOR-RING 

This  system  has  been  installed  into  SOR-RING  (Fig.  1)  in 
the  1992  summer  shutdown  in  order  to  test  it  with  a  real 
beam  and  to  measure  the  closed  orbit  of  the  ring  where  there 
was  no  working  BPM  system  until  then.  The  present  system 
has  been  designed  to  detect  120-MHz  spectrum  in  RF  signals 
from  BPM's  as  the  RF  frequency  of  SOR-RING  is  about  120 
MHz,  while  the  RF  frequency  of  the  future  ring  will  be 


around  500  MHz.  The  operational  status  of  SOR-RING  and 
the  machine  study  using  the  BPM  system  are  reported  in  Ref. 
[1].  Given  in  this  paper  are  the  BPM  system  and  its  actual 
performance. 

The  BPM  system  includes  four  BPM's  fixed  on  newly 
fabricated  vacuum  chambers  for  quadrupole  triplets  and  each 
BPM  consists  of  four  pickup-electrodes  of  a  button  type. 
Four  BPM's  are  located  in  narrow  spaces  between  quadrupole 
magnets  as  seen  in  Fig.  1.  We  did  not  intend  the  BPM's  to 
be  precisely  positioned  in  the  ring,  for  example,  much  less 
than  0. 1  mm,  first  because  the  aim  of  this  BPM  system  is  to 
test  the  performance  of  PIN  diodes,  and  next  because  there  is 
no  good  reference  point  for  alignment.  Before  installing  the 
BPM’s  into  the  ring,  their  sensitivity  to  the  beam  position 
was  calibrated  on  a  test  bench.  It  was  found  from  the 
calibration  data  that  the  physical  position  (x,  y)  of  the  beam 
center  is  well  estimated  with  a  fifth  order  polynomial  of  U  and 
V.  More  details  are  described  in  Ref.  [2],  Separately  from  the 
BPM  calibration,  a  performance  test  of  PIN  diode  switches 
and  attenuators  was  made  and  their  insertion  losses  were 
carefully  measured.  In  addition,  a  little  nonlinear  response  of 
the  RF-signal  detector  was  calibrated  using  a  RF-signal 
generator  and  later  using  a  real  beam.  The  nonlinearity  is 
compensated  for  on  the  BPM  system  computer  when  the 
detected  RF-signals  are  processed. 


2.  BPM  System 

A.  Overview 

Figure  2  shows  a  schematic  of  the  whole  BPM  system 
that  is  working  at  SOR-RING  to  test  its  performance  with  a 
real  beam.  The  first-stage  PIN  diode  switches  multiplex  RF- 
signals  from  four  pick-up  electrodes  of  a  BPM  and  the  second- 
stage  PIN  diode  switches  (S.W.O)  then  multiplexes  signals 
from  four  BPM's.  The  multiplexed  signal  is  sent  to  a  120- 
MHz  RF  amplifier  through  an  attenuator  that  also  uses  PIN 
diode  switches.  Finally,  the  signal  is  detected  by  a  heterodyne 
detector  (RF  Detector)  and  read  by  a  digital  multimeter 
(DMM)  that  can  remove  noises  with  the  power  line  frequency 
(CMR  =  160  dB,  NMR  =  60  dB  for  >  1PLC  (Power  Line 
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Cycle)).  The  multiplexing  PIN  diodes  and  those  used  in  the 
attenuator  are  controlled  by  a  controller  (S.W./Att.  Controller) 
and  two  digital  I/O  modules.  The  multiplexing  PIN  diodes 
and  S.W./Att.  Controller  are  placed  in  the  ring,  while  the 
other  electronic  modules  are  placed  in  the  control  room.  The 
modules  that  treat  RF-signals  are  connected  each  other  by 
semi-rigid  50-S2  coaxial  cables.  A  workstation,  HP382, 
converts  the  data  from  DMM  to  the  beam  position  (x,y)  and 
displays  it  on  the  CRT.  The  whole  BPM  system  is  also 
controlled  by  the  workstation. 


Pin  Diode  S.W 


LPF(fc=200MHz) 


Mixer 


'X, 


BPF(fo= 120.83MHz. 
B.W.=5MHz) 


S.G. 


Esfl 

LPF(fc=30MHz) 


110.13MHz 


Mixer  LPF(fc=lKHz) 


1  /Os  1 

OO 

E 

w  1 

Output 


Limit  Amp. 


Fig.  3  Block  diagram  of  RF  circuit 


A  block  diagram  of  the  RF  circuit  is  shown  in  Fig.  3. 
Before  heterodyne  detection,  the  RF-signal  is  filtered  by  LPF 
(low-pass  filter)  that  rejects  higher  harmonics  of  RF 
frequency,  and  further  filtered  by  BPF  (band-pass  filter)  with  a 
bandwidth  of  5  MHz;  the  revolution  frequency  is  about  17 
MHz.  After  filtered  by  the  final-stage  LPF  with  a  cutoff 
frequency  of  1  kHz,  the  output  DC  signal  is  sent  to  a  digital 
multimeter  (DMM).  By  a  bench  test,  it  was  found  that  the 
input/output  response  of  the  RF  circuit  is  almost  linear  but 
with  a  small  nonlinearity  of  0.1  %  in  the  range  of  the  output 
voltage  between  0.1  and  10  V. 


ft  PIN  diode 

We  chose  PIN  diode  switches,  DAICO  100C  1248  SP4T, 
(four  input  signals,  one  output)  as  the  switches  to  multiplex 
RF-signals  from  BPM.  The  PIN  diode  switches  can  be  driven 
by  a  trigger  with  TTL  level,  and  each  input  port  is  terminated 
with  50  S2  impedance  when  the  port  is  switched  off.  The 
specifications  of  the  PIN  diode  switches  are;  maximum 
switching  speed  =  2.5  psec,  typical  insertion  loss  =  0.8  dB  for 
20  -  200  MHz,  minimum  isolation  =  85  dB  for  20  -  200 
MHz,  VSWR  =  1.1  at  120  MHz.  The  insertion  losses  were 
measured  for  the  switches  we  purchased.  Its  result  is  listed  in 
Table  I.  As  the  deviations  of  insertion  loss  from  the  average 
are  small,  we  have  not  taken  account  of  these  data  to 
compensate  for  the  BPM  data.  The  switching  speeds  were 
also  measured,  and  it  was  proved  that  RF-signals  may  be 
multiplexed  at  100  kHz  without  losing  their  accuracy. 

We  chose  DAICO  100C1595  as  the  attenuator,  the 
specifications  of  which  are;  the  attenuation  range  =  63.5  dB 
with  a  setting  step  of  0.5  dB,  typical  insertion  loss  =  3.5  dB, 
typical  switching  speed  =  5  psec,  VSWR  =  1.1  at  120  MHz, 


We  checked  the  reproducibility  of  attenuation.  The  standard 
deviation  measured  was  about  0.001  dB.  As  the  beam 
position  is  calculated  from  the  ratio  of  detected  signals, 
however,  the  quality  would  not  affect  the  beam  position. 

So  far,  both  PIN  diode  switches  and  attenuator  are  working 
well  without  any  failure  for  several  months. 

3.  Beam  Test  at  SOR-RING 

After  the  BPM  system  was  installed  in  SOR-RING,  we 
measured  again  the  linearity  of  output  response  to  input 
signals  that  were  sent  by  a  RF-signal  generator  from  the  input 
ports  of  PIN  diode  switches.  The  nonlinearity  in  the 
measured  response  is  compensated  for  on  the  BPM  system 
computer  when  the  detected  signals  are  converted  to  the  beam 
position.  The  compensation  curve  is  shown  in  Fig.  4.  Just 
after  the  beam  test  began,  we  found  that  120-MHz  RF  noise 
on  the  ground  line  got  mixed  in  the  BPM  system  and  gave 
rise  to  false  signals  in  it.  This  trouble  was  however  fixed  by 
isolating  the  RF  circuit  from  the  ground  line. 


Fig.  4  Compensation  curve  of  the  BPM  system 


Fig.  5  Orbit  drift  of  SOR-RING 

(a):  horizontal  orbit  of  a  BPM  vs.  time,  (b):  vertical 
orbit  of  BPM  vs.  time.  The  cause  of  rectangular 
changes  has  not  been  identified  yet. 

Horizontal  C.O.D.  measured  with  the  BPM  system  has  a 
maximum  of  3  mm  and  vertical  C.O.D.  about  4  mm.  The 
C.O.D.'s  along  the  ring  as  well  as  the  corrected  ones  are 
shown  in  Ref.  [2],  Figure  5  shows  an  example  of  the  orbit 
drift  measured  with  the  BPM  system.  The  data  were  taken 
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during  a  normal  user  run  with  a  high  beam  current.  The 
measurement  shows  that  the  beam  position  of  SOR-RING 
slowly  drifts  about  a  few  tens  of  pm  for  the  storage  mode  and 
jumps  by  a  several  tens  pm  at  injection,  unless  there  is  no 
variation  in  the  data  caused  by  the  system's  drift.  For  such  a 
user  run  at  SOR-RING,  the  beam  is  continuously  fluctuating 
due  to  a  longitudinal  instability  and  ion-trapping  phenomena 
that  give  rise  to  an  AC  noise  in  the  beam  position  signals. 

Therefore,  the  data  of  orbit  drift  were  taken  at  a  low  current 
less  than  several  mA  in  order  to  check  the  relative  accuracy 
(resolution)  and  long-term  drift  of  the  BPM  system  itself,  . 
The  DMM  that  reads  DC  signals  was  set  at  the  integration 
time  of  10  PLC  and  the  resolution  of  7.  5  digits.  The 
measured  data  indicated  that  the  orbit  drift  measured  is  actually 
caused  by  the  beam  itself  but  not  by  apparent  drift  in  the 
BPM  system.  Deviations  of  measured  data  from  the  average 
taken  in  a  short  period  were  also  displayed  on  a  histogram. 
Figure  5  is  an  example  of  such  a  histogram.  The  standard 
deviations  are  about  0.3  pm  in  the  horizontal  direction  and 
about  0.4  pm  in  the  vertical  direction.  Thus  we  may 
conclude  that  the  BPM  system  has  the  relative  accuracy  of 
sub-micron. 

We  also  measured  a  low-frequency  fluctuation  in  the  beam 
position  by  inserting  a  hybrid  circuit  between  a  BPM  and  a 
PIN  diode  switch.  This  measurement  is  described  in  Ref.  [2]. 


-1.0  -0.5  0.0  0.5  1.0 


•1.5  -l.«  0.5  0.0  0.5  1.0  1.5 

xlO  [mm] 

Fig.  6  Relative  accuracy  of  the  BPM  system 

(a):  horizontal  accuracy  of  BPM's.  (b):  vertical 
accuracy  of  BPM's.  The  data  were  taken  for  500 
minutes. 

4.  Summary 

A  BPM  system  using  PIN  diodes  has  been  developed  and 
tested  with  a  real  beam  at  SOR-RING.  So  far,  we  have 
obtained  the  relative  accuracy  of  the  order  of  sub-micron. 
Next  step  of  the  R&D  is  to  make  the  data  acquisition  faster, 
but  probably  at  expense  of  accuracy;  this  may  be 
accomplished  by  improving  the  digital  circuit  and  by 
replacing  DMM  with  ADC. 
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Table  I.  Insertion  losses  of  PIN  Diodes 


serial  No. 

J  No. 

Insertion  loss  [dB] 

1316 

1 

0.4788 

(S.W.0) 

2 

0.48268 

3 

0.48975 

4 

0.50054 

1317 

1 

0.50054 

(S.W.2) 

2 

0.48343 

3 

0.48574 

4 

0.47962 

1318 

1 

0.48642 

(S.W.3) 

2 

0.46967 

3 

0.47802 

4 

0.49302 

1320 

1 

0.49508 

(S.W.4) 

2 

0.49111 

3 

0.47709 

4 

0.47723 

1321 

1 

0.47403 

(S.W.1) 

2 

0.48796 

3 

0.48590 

4 

0.48510 
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Abstract 

The  first  three  quarters  of  the  first  CEBAF  arc  have 
been  instrumented  with  beam  position  monitors.  Thirty- 
seven  monitors  (of  450)  have  been  installed  and  their  noise 
measured.  Resolution  of  100  pm  was  obtained  at  the  lowest 
operating  current  of  1  /iA.  The  update  time  of  the  system 
is  1  sec,  limited  by  computer  interfacing,  with  a  potential 
bandwidth  of  greater  than  10  kHs. 


I.  INTRODUCTION 

The  basic  requirements  for  the  beam  position  monitor 
system  are  dictated  by  the  properties  of  the  beam.  In  the 
accelerator  arcs,  the  range  of  currents  that  should  be  ac¬ 
curately  detected  is  from  1  /iA  to  200  fiA.  The  beam  sise 
in  these  regions  is  approximately  100  /un  rms.  Therefore 
a  system  with  100  /im  position  resolution  is  appropriate. 
The  BPMs  should  be  useful  both  in  CW  mode,  the  stan¬ 
dard  operational  mode  for  CEBAF,  and  in  a  pulsed  low- 
power  tune-up  mode  in  which,  for  machine  safety,  the  beam 
pulses  are  limited  to  about  100/isec.  The  BPMs  provide 
primary  signals  for  feedback  stabilisation  purposes. 

A  basic  schematic  of  the  system  is  shown  in  Fig.  1 
[1].  Starting  on  the  beam  line,  the  fundamental  frequency 
of  the  beam  is  induced  on  each  of  four  BPM  wires  and 
transmitted  to  a  B0005  chassis,  better  known  as  the  arc 
tunnel  electronics.  Here  the  signal  is  amplified  and  down- 
converted  to  1  MHs  for  transmission  to  detection  circuitry 
in  the  service  buildings  upstairs.  Each  of  the  1  MHs  signals 
from  the  B0005  box  is  sent  to  a  separate  channel  of  a  B0007 
board  resident  in  a  CAMAC  crate  upstairs.  In  the  B0007 
board,  the  amplitude  of  the  1  MHs  signal  is  detected  and 
digitised.  The  digitised  voltage  levels  are  then  conveyed 
to  the  computer  where  the  beam  position  is  computed. 

If  there  were  no  errors  in  the  system,  and  if  X±  and 
Y±  were  proportional  to  the  amplitude  of  the  beam  gener¬ 
ated  signal  on  each  wire,  the  beam  position  before  rotation 
could  be  calculated  as 


X'  =  k 


X+  -  X. 
X++X. 


t 


and  likewise  for  Y',  where  k  is  the  sensitivity  of  the  BPM 
at  1500  MHs. 

Because  of  errors  in  the  system,  two  software  correc¬ 
tions  are  made.  The  first  deals  with  the  fact  that  the  am¬ 
plitude  gains  in  the  different  channels  might  be  different. 


'Supported  by  U.S.DOE  contract  DE-AC05-84ER40150. 


The  second  deals  with  the  offsets  that  exist  in  the  ampli¬ 
tude  detector.  The  modified  computation  of  the  unrotated 
positions  is 

X'  -  i  jjLt  ~  •*«*+)  ~  ax(X-  ~  Xpg.) 

(X+  -  Xog+)  +  ax(X _  -  Xoe-)’ 

and  likewise  for  Y1,  where  ax,  Xotr±,  and  Yog±  are 
measured  by  the  automatic  calibration  circuitry  as  follows: 
e  Using  the  sero  wires  facility  in  the  software,  measure 
the  offset  voltages  X0g±  and  Y0g±  with  both  the  beam 
and  calibration  signal  off, 

•  calibrate  the  X  channels  with  a  calibration  signal  on 
»-i  and 

•  calibrate  the  Y  channels  with  a  calibration  signal  on 

2_. 

The  word  “calibrate”  means  to  find  the  relative  gain  ratios 
ax  and  ay  for  the  X  and  Y  channels  respectively.  This  is 
done  by  measuring  the  amplitude  ratio  when  the  beam  is 
off  and  the  calibration  signal  is  on: 

_  X+  -  X„g+ 
ax  X _  -  Xoff-  ’ 


and  likewise  for  ay. 

The  beam  position,  after  rotation  by  45°,  is 


(?)-*«  -.')i(?)-(ai. 


where  the  offsets  X'ofr  and  are  used  to  save  particular 
orbits  as  discussed  below. 


II.  HARDWARE  DESCRIPTION 

A.  Mechanical 

The  beam  position  monitors  that  are  used  in  the  CE¬ 
BAF  arcs  are  two  models  of  the  same  basic  design.  They 
consist  of  four  thin-wire  quarter-wave  pickup  antennas, 
symmetrically  placed  at  the  corners  of  a  square  that  is 
perpendicular  to  the  beam  and  centered  on  the  beam  axis 
[2].  The  pickups  are  parallel  to  the  beam.  The  monitors  in 
the  first  of  the  five  beam  passes  must  be  accommodated  to 
a  larger  beam  pipe  than  the  others,  nominally  4.7  cm  (the 
M20  monitor)  as  compared  with  3.5  cm  (the  M15  monitor). 
The  diameter  of  the  outer  shell  is  fixed  by  the  requirement 
that  the  impedance  be  200  n.  Up  to  the  present,  most 
beam  tests  have  been  performed  with  M20  monitors;  there 
is  no  evidence  that  the  M15  monitors  give  substantially 
different  results. 

The  pickup  wires  are  approximately  positioned  in  the 
manufacturing  process.  They  are  then  individually  posi¬ 
tioned  with  the  aid  of  an  optical  comparator  to  within 
75  /rm.  When  this  process  is  completed,  their  electrical  re¬ 
sponse  is  individually  measured  with  a  network  analyser  to 
ensure  that  it  is  within  acceptable  limits.  The  monitors  are 
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then  denned  and  alow-baked,  and  finally  are  leak-tested. 
If  accepted,  they  are  rdeased  to  be  installed  on  the  accel¬ 
erator  beamline.  The  BPM  sensitivity  k  is  measured  for 
every  monitor;  the  values  usually  are  within  1%  of  18.5 
mm. 

B.  Electrical 

The  electronics  portion  of  the  arc  BPM  system  is  com¬ 
posed  of  a  heterodyne  front-end  preamplifier  located  in  the 
tunnel  enclosure  and  a  synchronous  amplitude  detector  lo¬ 
cated  in  the  service  buildings. 

The  front-end  B0005  electronics  amplifies,  and  then 
downconverts  each  of  the  four  position  inputs  from  1.5  GHs 
to  1  MHs.  The  1  MHs  signals  are  buffered  and  sent  up¬ 
stairs  to  be  detected.  An  oscillator  used  in  the  calibration 
and  testing  of  the  BPM  system  is  included  in  the  front-end 
electronics;  it  is  activated  only  during  the  calibration  se¬ 
quence.  If  both  channels  are  working  correctly  the  relative 
gain  ratio  should  be  approximately  1. 

The  B0007  detector  card  includes  a  programmable 
gain  amplifier,  synchronous  detector,  and  analog-to- digital 
converter  on  each  channel.  The  detection  and  conversion 
may  be  either  internally  (CW  mode)  or  externally  (pulse 
mode)  triggered,  selectable  by  the  operator.  The  minimnin 
detectable  pulse  width  is  governed  by  the  synchronous  de¬ 
tector  and  is  on  the  order  of  25  /tsec. 

The  synchronous  detector  system  is  used  to  provide  an 
amplitude-detected  signal  for  each  channel.  The  instanta¬ 
neous  dynamic  range  of  the  detected  signal  is  governed  by 
two  factors.  First,  the  detector  has  a  minimum  threshold 
below  which  it  cannot  phase  lock  the  incoming  signal.  Sec¬ 
ond,  the  detected  signal  is  digitised  using  an  8-bit  analog- 
to-digital  converter  which  limits  the  signal  range  to  256 
states.  For  this  reason  a  programmable  gain  amplifier  is 
included  in  the  detector  front  end.  The  gain,  a4justable 
over  a  30  dB  range,  is  set  according  to  the  expected  value 
of  the  operating  current  of  the  accelerator. 

Because  the  arc  BPM  is  a  linear  difFerence-over-sum 
system,  special  attention  is  given  to  ensure  sufficient  dy¬ 
namic  range  and  signal-to-noise  ratio  in  the  preamplifier 
and  detector  subsystems.  The  CEBAF  peak  beam  current 
ranges  from  1  to  200  pA,  giving  a  signal  level  between  -73 
and  -27  dBm  on  center.  Car e  is  taken  to  ensure  sufficient 
signal-to-noise  ratio  through  the  detector.  The  front-end 
preamplifier  establishes  the  system  noise  figure  at  approx¬ 
imately  4  dB. 

III.  SOFTWARE  DESCRIPTION 

The  BPM  software  system,  part  of  the  TACL  [3,4] 
control  system,  consists  of  an  operator  interface  and  soft¬ 
ware  controls.  The  interface  is  comprised  of  three  types  of 
TACL  display  pages  running  on  console  computers.  The 
software  controls  reside  in  user  functions  in  TACL  logic 
processed  on  front-end  computers  attached  to  CAMAC 
crates.  Communication  between  the  operator  in  the  con¬ 
trol  room  and  the  B0007  cards  in  CAMAC  crates  in  the 
service  buildings  is  managed  by  the  software  system. 


The  basic  software  organisation  is  that  one  BPM  user 
function  accesses  one  B0007  card,  but  display  pages  may 
provide  monitor  and  control  capabilities  for  one  or  more 
BPMs.  Various  BPM  operating  modes,  for  example  the 
calibration  mode,  are  requested  and  monitored  by  the  op¬ 
erator  via  display  pages,  and  these  requests  are  interpreted 
and  passed  by  logic  to  the  selected  user  functions.  All  sig¬ 
nal  and  position  information  generated  by  the  user  func¬ 
tion  is  calculated  using  ADC  wire  data  acquired  by  logic 
from  the  B0007  card.  Other  CAMAC  interactions  required 
to  initiate  and  terminate  BPM  operating  modes  are  han¬ 
dled  by  the  user  function.  The  user  function  converts  and 
calculates  all  of  the  data  from  the  BPMs  on  the  display 
pages. 

The  information  from  the  BPM  system  is  displayed 
in  the  control  room  in  three  ways.  Beamline  screens  are 
used  in  daily  operations  and  provide  the  relative  position 
of  the  BPM  on  the  beamline,  the  device  name,  and  the  cal¬ 
culated  beam  position  in  millimeters  or  the  BPM  status. 
Second,  test  screens  provide  the  operational  controls  for 
the  BPMs  and  display  system  information  such  as  read- 
backs  for  wire  signal  values,  position  and  wire  offsets,  cali¬ 
bration  constants,  and  approximate  beam  current.  Finally, 
“Red  October”  charts  display  all  of  the  BPM  positions  in 
individual  sonar-like  displays. 

During  normal  operations  the  user  function  converts 
filtered  ADC  wire  values  to  positions.  The  normal  mode 
of  filtering  collects  one  set  of  values  at  the  same  cycle  rate 
as  logic  (3  to  8  Hs)  and  averages  them  continuously,  giving 
position  data  that  lag  the  machine  state  by  20  sec  without 
degrading  overall  performance.  This  lag  can  be  reduced 
to  less  than  a  second  at  the  expense  of  front-end  perfor¬ 
mance  if  logic  reads  the  BPM  crate  many  times  per  logic 
cycle  and  provides  an  averaged  ADC  value  to  the  BPM 
user  function.  This  second  mode  of  filtering  results  in  a 
reduction  of  overall  front-end  performance  by  a  factor  of 
three.  Such  filtering  modes  can  be  combined  to  achieve 
the  best  tracking  response  while  minimising  the  impact 
on  performance.  The  normal  filter  mode  can  be  applied 
globally  to  all  the  BPMs  in  the  machine  or  can  be  speci¬ 
fied  for  a  subset  of  BPM  modules.  The  CAMAC  averaging 
scheme  is  specifically  invoked  for  subsets  of  BPM  modules. 
Because  of  the  performance  cost,  it  should  be  reserved  for 
situations  where  tracking  response  time  is  a  concern,  as 
with  automated  optics  setup  software  [5,6]. 

One  of  the  capabilities  of  the  user  function  is  to  define 
a  “golden  orbit”  or  position  offset.  The  BPM  electron¬ 
ics  pick  up  noise  from  neighboring  RF  cavities  and  power 
sources  as  well  as  the  beam  signal,  resulting  in  false  or 
offset  position  readings.  This  can  be  eliminated  by  estab¬ 
lishing  an  acceptable  beam  orbit  and  requesting  the  user 
functions  to  use  the  current  positions  as  the  sero  refer¬ 
ence.  Once  these  offsets  are  recorded,  they  are  subtracted 
from  the  calculated  positions  until  a  new  “golden  orbit” 
is  defined.  Currently,  this  option  is  used  most  with  auto¬ 
mated  orbit  correction  algorithms  which  attempt  to  center 
positions  in  the  BPMs  [5]. 
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Doling  the  recent  eerie*  of  pre-commissioning  tests, 
the  BPMs  were  most  osefol  in  initial  manual  beam  thread¬ 
ing  efforts.  In  the  nser  function  the  wire  currents  are 
summed  together,  providing  an  approximate  beam  current 
seen  by  the  BPM.  By  watching  the  beam  current  values 
and  the  position  read  back  on  the  test  display  screens,  it 
is  easy  to  determine  whether  or  not  the  beam  is  passing 
through  a  specific  BPM. 

IV.  RESULTS 

Initial  tests  of  the  tunnel  electronics  uncovered  two 
problems  which  have  subsequently  been  remedied.  The 
first  was  that  the  components  selected  for  the  microwave 
front-end  amplifier  were  not  ideally  suited  for  1497  MHs 
operation.  Second,  the  tunnel  electronics  were  suscepti¬ 
ble  to  radiated  interference  from  external  sources.  Both 
problems  were  addressed  by  redesigning  the  tunnel  elec¬ 
tronics  using  surface-mount  technology.  Initial  tests  of  the 
redesigned  board  show  measurable  improvements  in  gain, 
noise  immunity,  and  stability. 

In  Fig.  2,  a  graph  of  beam  position  as  a  function  of 
time  demonstrates  the  ability  of  the  monitors  to  respond  to 
weak  currents.  The  jitter  in  position  is  the  result  of  both 
electronics  noise  and  actual  beam  motion.  It  is  in  any 
case  less  than  about  0.1  mm  rms  at  0.5  /iA,  and  is  smaller 
at  high  currents.  For  example,  at  10  A  (not  shown), 
the  jitter  is  only  about  one-fourth  as  large.  Whether  the 
beam  is  diagnosed  in  CW  or  pulsed  mode,  the  position 
fluctuation  after  averaging  is  the  same. 

Thirty  seven  complete  systems  were  installed  and  op¬ 
erated  simultaneously,  extending  throughout  the  spreader 
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Figure  1.  Block  diagram  of  BPM  electronics. 


and  the  first  three  quarters  of  the  east  arc.  In  normal 
operations,  the  software  provided  quick  and  reliable  infor¬ 
mation,  especially  when  the  block  reads  were  successfully 
implemented.  The  BPM  test  screens,  through  the  calibra¬ 
tion  options,  provided  especially  useful  diagnosis  of  hard¬ 
ware  problems. 

V.  CONCLUSIONS 

The  CEBAF  arc  beam  position  monitors  have  been 
successfully  used  to  diagnose  the  CEBAF  beam  in  the  first 
spreader  and  east  arc  of  the  CEBAF  electron  accelerator. 
The  monitors  are  the  only  means  of  steering  in  a  large 
section  of  the  machine,  and  this  section  of  the  machine 
was  traversed  the  first  time  with  little  additional  difficulty. 
They  have  operated  under  a  wide  dynamic  range  in  addi¬ 
tion  to  the  standard  tune-up  setting  of  about  10  /*A  beam 
current.  Experiments  reported  in  several  other  papers  in 
this  conference  required  functional  BPMs.  In  particular, 
the  automatic  steering  routines  [5],  east  arc  commissioning 
[6],  and  the  energy  correction  hardware/software  [7]  relied 
on  the  arc  BPMs. 
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Abstract 


The  data  acquisition  system  BOSC  [1]  has  now  reached 
a  reliable  operational  stage  after  the  phase  of  designing 
and  debugging  its  complex  hardware  and  software.  The 
system  consists  of  a  VME-crate  with  a  68030  CPU-card, 
a  timing  module,  a  bunch  selector  card  and  12  ADC  cards 
each  with  two  channels  to  acquire  and  store  data  of  up  to 
one  million  turns.  The  aim  of  the  system  is  to  measure  a 
wide  range  of  different  signals  each  being  recorded  in  one 
of  the  ADC  channels.  Three  such  crates  are  connected  via 
Ethernet  and  Token  Ring  to  Apollo  workstations  on  the 
SPS  site.  Very  flexible  measurement  requests  can  be  sent 
to  the  crates  in  data-structures  which  are  then  filled  with 
the  requested  data  and  sent  back  to  the  Apollo  for  pro¬ 
cessing.  In  the  crate  a  complex  control  software  running 
under  OS9  has  been  developed,  with  several  application 
software  programs  now  running  on  the  Apollo.  One  use  of 
the  system  is  for  operational  purposes  such  as  tune  mea¬ 
surements.  Moreover  BOSC  has  been  the  essential  tool 
in  conducting  the  delicate  dynamic  aperture  experiments 
where  the  measurement  needs  are  constantly  changing. 

I.  Hardware  Description 

BOSC  is  designed  as  a  turn  by  turn  acquisition  system. 
It  was  originally  intended  to  be  used  in  the  SPS  to  measure 
the  intensity  and  the  position  of  the  individual  proton  and 
anti-proton  bunches  over  a  full  machine  cycle.  The  signals 
are  taken  from  homodyne  receivers.  These  requirements 
and  conditions  lead  to  the  actual  properties  of  this  system: 

•  each  acquisition  channel  is  backed  with  a  1MByte  dy¬ 
namic  memory  to  allow  the  measurement  turn  by  turn 
over  a  period  of  more  than  20s  in  the  SPS 

•  the  bandwidth  of  the  acquisition  is  5MHs  which  is  well 
matched  to  the  bandwidth  of  the  receivers 

•  the  receiver  also  requires  an  input  signal  of  level  ±6  V 

The  BOSC  acquisition  system  in  its  final  form  is  housed  in 
a  VME  crate.  It  can  handle  up  to  24  analog  signals.  They 
are  organised  in  12  dual  channel  electronic  cards  (dual  sam¬ 
pler)  which  contain  a  memory  for  each  channel  and  a  logic 


cell  array  common  to  both  channels  which  acts  as  a  slave 
to  the  crate  central  processor  unit  (68030).  The  system 
is  mainly  intended  for  the  measurement  of  single  bunches. 
The  bunch  selector  picks  a  given  bunch  which  circulates  in 
the  machine.  The  time  resolution  of  this  selection  is  deter¬ 
mined  by  the  bandwidth  of  the  system  and  is  at  present  at 
the  order  of  200ns.  Special  care  has  been  taken  to  isolate 
the  low  power  analog  circuits  from  the  high  power  digital 
circuitry.  The  connection  between  the  two  is  made  in  the 
VME  bridge  module.  The  information  concerning  the  ma¬ 
chine  cycle  time  is  fed  in  the  system  by  the  TGS  timing 
module. 

At  present  three  units  are  installed  in  the  SPS: 

•  A  first  one  is  dedicated  to  turn  by  turn  position  mea¬ 
surements.  It  is  used  to  derive  the  machine  tunes. 
A  number  of  channels  are  connected  to  200MHs  re¬ 
ceivers  completely  in  line  with  the  original  specifica¬ 
tions.  They  are  well  adapted  to  measure  single  lepton 
bunches.  However,  they  are  also  used  to  measure  the 
SPS  proton  beams  bunched  at  200MHs.  Special  low 
frequency  FET  amplifiers  of  which  the  bandwidth  is 
reduced  to  5MHs  to  match  the  acquisition  system  are 
connected  to  a  second  set  of  channels.  They  allow  the 
measurement  of  bunched  and  unbunched  beams.  The 
excitor  for  this  measurement  can  either  be  a  special 
fast  kicker  magnet  or  the  deflector  plates  of  the  trans¬ 
verse  feedback  system.  The  excitation  of  the  latter  is 
controlled  by  BOSC  using  the  sequencer  unit. 

•  A  second  BOSC  unit  is  devoted  to  single  bunch  in¬ 
tensity  measurements.  The  signals  are  generated  by 
20MHs  homodyne  receivers. 

•  A  third  unit  makes  the  acquisition  of  much  slower  sig¬ 
nals  generated  by  DC  current  transformers,  collima¬ 
tors  movements  and  scintillators. 

II.  Control  Software 

The  control  software  [2],  running  under  OS9  on  the 
68030  processor,  has  the  following  tasks:  setting  up  the 
communication  between  the  crate  and  the  Apollo  worksta¬ 
tion,  setting  k  changing  some  hardware  parameters,  taking 
measurement  requests  from  an  Apollo  workstation,  start¬ 
ing  the  data  acquisition  on  the  crate  and  sending  the  data 
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to  the  Apollo  after  an  acquisition  has  been  made.  It  is 
capable  of  handling  several  requests  simultaneously  on  the 
same  crate. 

The  communication  is  done  over  Ethernet  and  Token 
ring  where  sockets  under  TCP/IP  are  used.  For  the  data 
transfer  in  any  direction  MOPS  structures  are  used  [3]. 

A  schematic  overview  of  the  system  consisting  of  the 
crate,  the  Apollo  and  the  communication  part  is  given  in 
Fig.  1. 
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Figure  1:  Setup  of  BOSC 


It  is  possible  to  change  some  of  the  parameters  con¬ 
trolling  the  hardware  such  as  base  addresses,  gains  and 
bunch  selector  settings.  The  use  of  base  addresses  allows 
the  translation  from  physical  to  logical  channel  addresses, 
so  as  to  freely  choose  channels  without  the  need  of  swap¬ 
ping  cables.  The  receiver  gain  can  be  changed  from  14db  to 
70db  in  14db  steps,  each  A  DC  channel  gain  can  be  changed 
from  Odb  to  24db  in  6db  steps. 

The  MOPS  data  structure  which  is  sent  to  start  the  mea¬ 
surement  on  the  crate  in  one  of  its  objects  holds  a  coded 
request  (9  integer  numbers)  which  specifies  the  measure¬ 
ment  parameters:  on  which  BOSC  crate  to  run  the  mea¬ 
surement,  the  number  of  super  cycles  to  be  measured,  the 
start  time  of  the  measurement  in  the  SPS  super  cycle,  the 
time  between  blocks  of  acquisitions,  the  number  of  acqui¬ 
sition  blocks,  the  time  between  sub-blocks  of  acquisitions, 
the  number  of  sub-blocks  in  one  block,  the  number  of  turns 
per  sub-block  and  the  channels  to  be  used  for  the  measure¬ 
ment.  An  example  of  the  usage  of  some  of  these  parame¬ 
ters  can  be  found  in  Fig.  2.  A  server  program  is  running 
on  both  ends  to  receive  MOPS  data  structures  with  mea¬ 
surement  requests  or  acquired  data  respectively.  The  data 
read  from  the  ADC  memory  and  hardware  settings  like 
timing  information  are  added  to  the  request  MOPS  data 
structure  that  has  been  sent  from  the  Apollo. 


Figure  2:  Structure  of  a  measurement 


III.  Application  Software 

The  application  software  [4]  is  an  interface  for  starting 
a  measurement,  displaying  the  data  acquired,  storing  data 
and  performing  a  detailed  post-processing  analysis.  For 
displaying  data  the  dataviewer  program  is  used  [5],  the 
archiving  is  managed  by  a  catalogue  package  [6].  BOSC 
is  now  used  as  an  operational  tool  for  tune  measurement 
[7]  as  well  as  a  tool  for  the  dynamic  aperture  experiments 
performed  on  the  SPS  [8].  In  the  following  we  only  report 
on  the  later  application  software  package.  There  are  two 
main  types  of  measurements  that  can  be  performed: 


•  Lifetime  measurements 

•  Phase  space  measurements 


In  the  dynamic  aperture  experiments  we  want  to  investi¬ 
gate  effects  that  influence  the  particle  stability  over  long 
periods.  It  is  therefore  very  convenient  to  have  BOSC  for 
following  simultaneously  and  continuously  beam  intensity, 
scraper  positions  and  loss  monitor  readings.  Different  phe¬ 
nomena  leading  to  particle  loss  can  thereby  be  easily  dis¬ 
tinguished  (see  Fig.  3).  For  a  phase  space  measurement  the 
position  and  intensity  signals  of  one  or  more  pick-ups  can 
be  recorded.  After  having  applied  a  kick  to  the  beam  the 
Fast  Fourier  Transforms  from  the  position  signals  give  the 
tunes  and  the  line  spectra  due  to  resonances.  Fig.  4  shows 
how  readings  of  two  pick-ups  separated  by  a  multiple  of 
90  degrees  allows  one  to  depict  phase  space  projections. 
Currently  we  take  and  analyse  online  two  samples  of  up 
to  65000  turns,  the  repetition  rate  being  30s.  This  allows 
a  very  precise  determination  of  the  tune,  but  also  linear 
coupling  correction,  chromaticity  compensation  and  iden¬ 
tification  of  high  order  resonances. 
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Figure  3:  Lifetime  measurement 


Figure  4:  8th  order  resonance 


The  effect  of  moving  a  scraper  (upper  left)  can  be  seen 
o’-,  the  loss  monitor,  the  beam  intensity  and  the  lifetime 
(upper  right,  lower  left  and  lower  right  part  respectively). 


Motion  is  depicted  close  to  a  horisontal  resonance  (upper 
left)  with  the  kicked  and  decohered  beam  and  a  FFT  (lower 
left  and  lower  right  part  respectively). 


For  phase  space  measurements  there  is  a  tool  box  which 
contains  four  programs.  The  zero.stuff  program  allows  to 
set  the  position  signals  in  a  certain  time  range  to  sero. 
With  this  facility  one  can  detect  changes  in  the  tunes,  for 
instance  due  to  power  supply  ripple.  The  stroboscope  pro¬ 
gram  plots  only  every  nth  point  in  phase  space  thereby 
visualising  resonances  in  the  horisontal,  vertical  and  phys¬ 
ical  phase  space  projection.  The  fake  program  has  the 
same  functionality  as  stroboscope  but  uses  the  information 
of  only  one  pick-up  via  relating  x(i)  with  x(i  +  skip. step). 
The  smear  program  computes  the  horisontal  and  vertical 
decoherence,  the  decoherence  corrected  amplitude  and  the 
smear. 

IV.  Conclusions 

BOSC  can  now  be  considered  an  operational  tool,  es¬ 
pecially  due  to  a  considerable  improvement  in  the  control 
software  part.  Operational  tasks  like  tune  measurements 
are  now  in  place.  The  more  complicated  requests  for  dy¬ 
namic  aperture  or  other  experiments  can  be  fulfilled,  but 
there  are  still  many  of  capabilities  yet  to  be  exploited. 
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Abstract 

This  paper  describes  the  sensitivity  and  offset  calibration 
for  the  beam  position  monitors  (BPMs)  using  button-type 
pickups  in  the  injector  synchrotron,  storage  ring,  and  insertion 
devices  of  the  Advanced  Photon  Source  (APS).  In  order  to 
reduce  the  overall  offset  and  to  isolate  the  error  (s  100  |im) 
due  to  the  low  fabrication  tolerance  in  the  extruded  storage 
ring  vacuum  chamber,  the  electrical  offset  is  minimized  by 
carefully  sorting  and  matching  the  buttons  and  cables 
according  to  the  button  capacitance  and  the  characteristic 
impedances  of  the  cable  and  the  button  feedthrough.  The  wire 
method  is  used  for  the  sensitivity  calibration,  position-to- 
signal  mapping,  and  measurement  of  resolution  and  long-term 
drift  Os  1  mV)  of  the  processing  electronics.  The  processing 
electronics  was  also  tested  at  Stanford  Synchrotron  Radiation 
Laboratory  (SSRL)  using  a  real  beam,  with  results  indicating 
better  than  25  pm  resolution  for  the  APS  storage  ring. 
Conversion  between  the  BPM  signal  and  the  actual  beam 
position  is  done  by  using  polynomial  expansions  fit  to  the 
mapping  data  with  absolute  accuracy  better  than  25  pm  within 
±5  mm  square.  Measurement  of  the  effect  of  button 
mispositioning  and  mechanical  inaccuracy  of  the  extruded 
storage  ring  vacuum  chamber,  including  deformation  under 
vacuum,  will  be  also  discussed. 

I.  INTRODUCTION 

For  beam  position  monitoring  of  the  charged  particle 
beam,  button-type  pickups  will  be  used  in  the  storage  ring, 
injector  synchrotron  and  insertion  devices  of  the  APS.  In 
order  to  meet  the  requirements  on  the  accuracy  of  the 
measured  beam  position  as  shown  in  Table  1,  it  is  necessary 
that  the  BPMs  are  accurately  calibrated  for  the  offset  and 
sensitivity. 

The  offset  calibration  of  the  BPMs  will  be  done  using  ihe 
external  method  developed  by  G.  Lambertson.  [1-4]  Since 
the  APS  storage  ring  vacuum  chamber  is  subject  to  significant 
deformation  under  vacuum  due  to  the  photon  exit  channel, 
separate  measurements  of  the  offset  are  needed  in  air  and 
vacuum.  The  measurement,  however,  can  be  affected  by  the 
button  position  error  and  the  resulting  calibration  error  needs 
to  be  estimated  for  proper  application.  In  order  to  isolate  the 
mechanical  error  and  to  minimize  the  overall  offset  error,  the 
buttons  and  cables  will  be  matched  electrically. 

The  sensitivity  calibration,  on  the  other  hand,  requires  the 
use  of  a  wire,  antenna,  or  charged  particle  beam  whose 


transverse  position  can  be  controlled.  We  will  present  results 
obtained  using  the  wire  in  the  lab  and  electron  beam  in 
SPEAR  at  Stanford  Synchrotron  Radiation  Laboratory 
(SSRL).  Comparison  with  the  theory  will  be  also  discussed. 


Table  1:  APS  Storage  Ring  BPM  S 

aerifications. 

First  Turn,  1  mA 

Resolution  /  Accuracy 

200  pm  /  500  pm 

Stored  Beam,  Single  or  Multiple 
Bunches  @  5  mA  Total 
Resolution  /  Accuracy 

25  pm  /  200  pm 

Stability,  Long  Term 

±30  um 

Dynamic  Range.  Intensity 

£40  dB 

Dynamic  Range,  Position 

±20  mm 

II.  BUTTON  CHARACTERISTICS 

Let  Cp  be  the  capacitance  of  a  button  and  let  Z?  be  the 
terminating  impedance  at  the  instrument  end  for  measurement 
of  the  button  signal.  Then  gain  coefficient  gc  for  the  button 
and  connecting  cable  at  frequency  to  can  be  written  as  [5] 

gc=l-Su-itoCpZr(l  +  Su)’  (1) 

where  Su  and  S2i  (=  S12)  are  the  reflection  and  transmission 
coefficients  between  the  button  and  the  terminating  resistor 
Zf,  including  the  button  feedthrough. 


In  terms  of  the  capacitive  coupling  coefficient  G  between 
two  buttons,  the  ratio  of  the  voltage  V(  detected  on  button  i 
and  the  voltage  V>  applied  on  button  j  can  be  written  [1] 

Vjj  =  77  =  2  Zt  gci  gejGjj  .  (2) 

vj 


*Work  supported  by  the  U.S.  Department  of  Energy,  Office  of 
Basic  Energy  Sciences,  under  Contract  No.  W-31-109-ENG-38. 
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Gy  contains  tfae  geometric  factors  including  tbe  chamber 
deformation  under  vacuum. 

Figure  1  shows  the  geometry  of  the  positron  beam 
chamber,  the  buttons,  and  associated  gc-  and  G-coefflcients. 

The  measured  beam  position  (x,  y)  using  linear  approximation 
can  be  obtained  from  the  button  signals  Vj  (1  £  i  £  4)  using 


A,  V|-Va-y3  +  V4_ 
I  “V1  +  V2  +  V3+V4 


Sx  (x  +  Axw), 


(3) 


and  similarly  for  Ay/X.  Axw  is  the  x  offset,  and  Sx  is  the 
sensitivity  coefficient.  The  coordinate  origin  (x  =  0,  y  =  0) 
may  be  conveniently  identified  with  a  position  that  can  be 
referenced  from  an  external  fiducial  mark. 

The  overall  gain  &  for  the  i-th  button  is  tbe  product  of  g ci 
and  the  electrical  gain  coefficient  gbi  for  beam-to-button 
coupling  for  the  beam  centered  at  origin.  That  is, 

&  *  gbi  •  gci  •  (4) 


Then,  the  BPM  offsets  Axw  and  Ayw  can  be  expressed  in  terms 
of  the  g-coefficients  in  dB  unit  as 

0.0288  , 

Ax,  *  — ^ —  (g,  -  g2  -  g3  +  g4),  (gi  >n  dB)  (5) 

Ayw"  ^  Cgi  +g2-g3-g4)-  (giindB)  (6) 

Approximation  was  made  assuming  that  the  gain  differences 
are  small.  In  the  following  discussions,  we  will  use  dB  units 
for  g-  and  G-coefficients  and  Vy  unless  noted  otherwise. 


in.  BPM  SENSITIVITY  AND  2-D  MAPPING 


A.  BPM  Sensitivity 

The  coefficients  Sx  and  Sy  determine  the  sensitivity  of  the 
BPM  in  detecting  beam  motion.  We  used  a  thin  wire  of  12- 
mil  diameter  suspended  along  the  vacuum  chamber  for 
calibration  of  injector  synchrotron  and  storage  ring  BPMs. 
Figure  2  shows  the  result  for  the  storage  ring  BPM  and  Table 
2  lists  theoretical  and  measurement  results  obtained  for 
various  BPMs  in  the  APS. 


Fig.  2:  Determination  of  the  sensitivity  coefficients  Sx  and  Sy 
for  the  APS  storage  ring. 


Table  2:  Theoretical  and  measured  sensitivities  for  tbe  APS 
storage  ring;,  injector  synchrotron,  and  insertion  device  BPMs. 


Storage 

Ring 

Injector 

Synch. 

ID 

12  mm  gap 

ID 

8  mm  gap 

Sx 

0.57  cm1 

0.70  cm1 

2.08  cm-1 

3.44  cm"1 

Sx* 

0.58  cm-1 

0.70  cm-1 

— 

— 

Sy 

0.53  an-1 

0.58  cm1 

1.51  cm1 

1.47  cm1 

0.55  cm-1 

0.57  cm-1 

- 

- 

(*:  measured) 


Fig.  3:  BPM  signal  from  the  processing  electronics  measured 
on  SPEAR,  SSRL,  for  beam  current  of  70, 15,  and  3.7  mA. 

In  Fig.  3  is  shown  the  BPM  signal  from  the  prototype 
processing  electronics  measured  on  the  electron  beam  in 
SPEAR  at  Stanford  Synchrotron  Radiation  Laboratory 
(SSRL).  The  average  sensitivity  is  11.4  rnV/mm.  With 
additional  gain  of  6  for  the  final  design,  this  translates  to 
approximately  20  pm  resolution  assuming  1  mV  r.m.s.  error. 

B.  2-D  Mapping 

Figure  4  shows  the  2-dimensional  mapping  (contour  lines 
of  Ax-y/£)  of  the  APS  storage  ring  BPM  response  in  the  region 
Ixl  <  20  mm  and  lyl  <  10  mm.  This  data  is  used  to  obtain  the 
polynomial  coefficients  for  conversion  between  the  BPM 
signal  (Vx,  Vy)  and  the  beam  position  (x,  y), 

P :  <VX,  Vy)  -3  (x,  y).  (7) 

With  8th  order  both  in  x  and  y,  absolute  accuracy  better  than 
25  pm  within  ±5  mm  square  was  obtained.  This  calculation  is 
done  by  local  processors  in  the  VME  crates  for  the  BPMs  in 
real-time. 


F’?.  4:  2-dimensional  mapping  of  the  APS  storage  ring  BPM 
response.  Grid  spacing  =  0.1. 
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The  inverse  of  Eq.  (7),  which  converts  the  beam  position  to 
BPM  signal  for  the  fast  beam  position  feedback  systems 
acting  on  the  raw  BPM  signal  to  enhance  speed,  cannot  be  in 
general  represented  as  polynomials.  Instead,  the  polynomial 
functions 


Q :  (x,  y)  -4  (Vx,  Vy)  (8) 

are  used  as  the  initial  guess  for  the  iterative  search  following 
the  direction  of  the  steepest  change. 


IV.  OFFSET  CALIBRATION 

In  this  section,  we  will  discuss  calibration  of  the  BPM 
offset  using  the  external  method  applied  on  the  APS  storage 
ring.  From  Eq.  (2)  and  putting  a  =  20  log  (2  ZT),  we  have 


a  +  gci  +  gcj  +  Gij  =  Vy  =  Vji. 
The  offsets  are  determined  in  terms  of  Vy  as 


Axe  = 


0.0288 

Sx 


(V14-V23), 


Aye  = 


0.0288 

Sy 


(Vj2  —  V34). 


(9) 


GO) 


Other  combinations  are  also  possible  and  they  may  be  used  for 
error-checking.  In  this  work,  we  will  use  the  expressions  in 
Eq.  (10)  only.  Equation  (9)  can  in  principle  be  used  to 
determine  the  gc-  and/or  G-coefficients.  This,  however, 
requires  shuffling  of  the  buttons  and  cables  to  get  a  large 
enough  number  of  independent  measurements. 


A.  Analysis  of  Calibration  Error 


The  tooling  ball  located  on  top  of  the  vacuum  chamber  is 
used  as  the  fiducial  mark  for  survey  and  alignment  of  the 
BPM  relative  to  an  adjacent  quadrupole  or  sextupole.  The 
offset  calibration  error  can  be  defined  as  the  BPM  signal  after 
calibration  with  the  beam  at  the  position  referenced  by  the 
tooling  ball.  Let  us  consider  the  button  position  error  (h,  and 
Vj,  1  £  i  £  4)  and  the  tooling  ball  position  error  (x,  and  yt)  as 
the  dominant  error  sources,  h,  is  the  button  position  error 
along  the  mounting  surface  in  the  direction  outward  from  the 
center  and  Vj  is  the  error  in  the  outward  direction  normal  to  the 
surface.  The  surface  is  sloped  at  15.11”  about  the  horizontal 
plane. 

Using  Eqs.  (10)  and  (11)  and  the  partial  derivatives  listed 
in  Table  3,  the  offset  calibration  errors  Ax^.  and  for  the 

APS  storage  ring  are  given  by 

Ax^  -  0.14  x,  -  0.22  (hj  -  hj  -  hj  +  hj)  +  Ax'w  -  Ax'e,  (11) 


and 

Ay«r  “  °-75  y, +  °-20  (hj  +  h  j  - hj  -  hj)  +  Ay'w  -  Ay  e,  ( 1 2) 


where  the  prime  (')  denotes  random  error.  It  is  to  be  noted  that 
the  vertical  position  error  v,  does  not  contribute  to  the 


calibration  error.  Equations  (11)  and  (12)  show  that  overall 
mechanical  tolerance  of  a  few  mils  is  acceptable  to  achieve 
100  pm  (»  4  mils)  of  r.m.s.  offset  calibration  error. 


Table  3:  Listing  of  the  partial  derivatives  of  the  g-  and  G- 
coefficients  in  units  of  dB/mm.  Analytical  and  numerical 
calculations  were  done  in  2-D. _  _ 


9G12 

dh, 

3G14 

dh, 

dgbi 

dh, 

dG12 

dv, 

dGu 

dv, 

dgbi 

dv, 

Analytical 

Numerical 

Measurement 

-0.83 

-0.74 

-0.01 

0.07 

-0.45 

-0.37 

-2.9 

-3.4 

-2.8 

-3.4 

-2.8 

-3.4 

B.  Chamber  Deformation  under  Vacuum 

For  the  APS  storage  ring,  BPMs  are  an  integral  part  of  the 
vacuum  chamber  with  the  buttons  directly  mounted  on  the 
machined  surface  of  the  chamber.  When  the  chamber  is  put 
under  vacuum,  significant  deformation  of  the  chamber  was 
observed.  This  effect  led  to  approximately  400  pm  shift  in  the 
x  offset  measured  using  the  external  method. 

Assuming  linearity,  we  found  the  relation 

Axe  =  Axra  +  kv  (Axev  -  Ax,*),  kv  =  0.65,  (13) 

where  Axea  and  Axev  are  the  offsets  measured  in  air  and 
vacuum,  respectively.  The  proportionality  constant  kv  was 
obtained  with  separate  measurements  using  wire  and 
simulation  of  vacuum  pumpout  by  mechanical  means. 
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Abstract 


A  self  triggered  beam  position  monitor  (BPM)  has 
been  developed  for  the  NSLS  injection  system  to  provide 
single  pulse  orbit  measurements  in  the  booster  synchrotron, 
linac,  and  transport  lines.  The  BPM  integrates  the  negative 
going  portion  of  3  nS  wide  bipolar  pickup  electrode  signals. 
The  gated,  self  triggering  feature  confines  critical  timing 
components  to  the  front  end,  relaxing  external  timing 
specifications.  The  system  features  a  low  noise  high  speed 
FET  sampler,  a  fiber  optic  gate  for  bunch  and  turn  selection, 
and  an  inexpensive  interface  to  a  standard  PC  data 
acquisition  system. 

L  INTRODUCTION 

The  BPM  is  designed  as  a  stand  alone,  real-time 
diagnostic  tool  for  tuning  the  linac,  booster,  and  transport 
lines.  High  speed  sampling  units,  located  near  the  pick-up 
electrodes,  process  the  short  pulses  and  provide  a  signal 
readable  by  an  inexpensive  PC  based  data  acquisition  system. 
This  allows  the  use  of  easy  to  use,  well  tested  high  level 
programming  tools  such  as  Visual  Basic  for  DOS  [1]. 

II  DESIGN 


NSLS  TIMING 
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Figure  1 

System  block  diagram 


A.  Specifications 

The  specifications  for  a  single  non-averaged 
measurement  of  a  bunch  with  109  electrons  are  as  follows: 


Beam  current  dynamic  range:  30dB 

Position  dynamic  range:  ±30mm 

Resolution:  lOOuM 

Accuracy:  ±500uM 

Repetition  rate:  ,5s 


B.  System  Design 


The  timing  chassis  generates  a  gate  corresponding  to  a 
selected  turn  in  the  booster.  The  timing  chassis  also  interupts 
the  PC  at  the  beginning  of  a  data  aquisition  sequence.  The 
sampling  units  self  trigger  within  the  turn  select  gates  and 
transmit  the  result  to  the  interface  chassis  via  4-20  mA 
current  loops.  The  PC  reads  the  data  with  a  12  bit  data 
acquisition  card.  All  88  analog  channels  are  routed  to  the 
card  with  multiplexers  located  in  the  interface  chassis.  The 
PC  initializes  the  timing  chassis  and  externally  triggers  the 
sampling  units  to  measure  the  pedestal.  The  turn  select  gates 
are  transmitted  over  fiber  optic  cables  and  all  other  digital 
signals  use  opto-isolators. 


The  specifications  are  modest  compared  to  the  requirements 
of  a  storage  ring  beam  position  monitor  therefore  the  design 
can  be  simplified  and  costs  reduced.  The  system  design  is 
shown  in  figure  1. 


*  Work  performed  under  the  auspices  of  the  U.S. 
Department  of  energy. 


C:  Sampling  Units 

The  sampling  units  are  built  around  thick  film 
hybrid  samplers  [2]  shown  in  figure  2.  Qj  is  gated  to  trap  the 
charge  from  the  second  half  of  a  bipolar  PUE  signal.  The 
input  is  effectively  integrated  by  Cj  since  the  capacatance  is 
large  and  very  little  voltage  is  developed.  The  charge  then 
slowly  transfers  onto  C2  with  a  time  constant  T  =  Rj  *  Cj  = 
6.8uS.  The  op-amp  and  associated  components  function  as  a 
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gated  charge  sensitive  amplifier.  The  track  and  hold  samples 
the  output  of  the  op-amp.  The  hybrid  sampler  is  well  suited  to 
measuring  veiy  short  pulses  that  occur  infrequently.  The 
primary  limitations  are  the  700pS  turn  on  time  for  Qj  and 
the  47uS  required  to  drain  Cj  by  99.9%. 


AMP 


Thick  film  hybrid  sampler  schematic 

The  sampling  unit  block  diagram  is  shown  in  figure 
#3.  The  rising  edge  of  the  turn  select  pulse  triggers  two  one 
shots.  The  output  of  one  shot  HI  remains  high  5uS  longer 
than  one  shot  #2  since  the  track  and  hold  on  the  hybrid 
sampler  must  return  to  hold  mode  before  the  charge  sensitive 
amplifier  is  reset.  The  zero  crossing  detector  is  enabled  for 
the  length  of  the  lOOnS  turn  select  pulse.  The  RF  hybrid 
processes  the  pick-up  electrode  (PUE)  signals  and  sends  sum 
and  difference  signals  to  the  inputs  of  the  hybrid  samplers  via 
delay  lines.  The  delay  lines  compensate  for  delays  in  the 
trigger  circuit. 


The  sum  signal  is  split  stretched  and  then  run  into  the  zero 
crossing  detector.  The  output  of  the  zero  crossing  detector 
rises  when  the  input  rises  above  47mV  and  the  output  gives  a 
falling  edge  when  the  input  crosses  zero.  Since  one  shot  #3  is 
negative  edge  triggered  the  sample  gate  is  generated  on  the 
zero  crossing,  thereby  making  the  timing  of  the  sample  gate 
insensitive  to  changes  in  the  amplitude  of  the  sum  signal. 
The  internal  trigger  functions  as  half  of  a  constant  fraction 
discriminator.  Since  the  PUE  signals  are  already  bipolar  it  is 
not  necessary  to  delay  and  recombine  the  pulse  to  generate  a 
zero  crossing.  The  external  trigger  generates  precisely  the 
same  timing  sequence  as  the  internal  trigger,  allowing  for  an 
accurate  pedestal  measurement  The  4-20mA  current  loop 
drivers  simply  follow  the  output  of  the  hybrid  samplers. 

HL  PERFORMANCE 

The  prototype  was  tested  using  the  circuit  shown  in 
figure  4.  The  monocycle  generator  produces  bipolar  pulses 
identical  to  those  produced  by  the  injection  system  PUEs. 
Attenuator  1  simulates  changes  in  beam  current  while 
attenuators  2  and  3  simulate  changes  in  beam  position. 
Attenuators  2  and  3  are  changed  in  such  a  way  as  to  maintain 
a  constant  sum  signal  out  of  the  RF  hybrid. 


STEP 

ATTENUATOR  2 


Figure  4 
Test  unit 


Figure  5  shows  the  response  of  the  sampling  unit  at 
three  different  currents.  The  amplitude  of  the  sum  signal  is 
measured  at  the  input  to  the  hybrid  sampler.  While  the  output 
of  the  monocycle  generator  is  SVpg^,  losses  in  the 
attenuators  and  splitters  limit  the  sum  test  signal  to 
1.5Vpeak-  Also  note  that  the  delta/sum  ratio  is  larger  than 
one  because  the  sum  signal  is  split  to  provide  the  internal 
trigger.  Changes  in  current  have  only  a  small  effect  on  the 
position  scale  factor.  The  zero  crossing  detector  minimizes 
timing  walk.  Since  walk  affects  both  the  sum  and  delta 
samplers  in  the  same  way,  the  effect  is  normalized  out.  In 
precision  applications  the  small  scale  factor  change  can  be 
corrected  in  software. 

30dB  of  current  dynamic  range  is  about  the 
maximum  practical  without  range  switching.  If  additional 
dynamic  range  were  needed,  a  stepped  attenuator  could  be 
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placed  ahead  of  the  pulse  stretcher.  No  attenuators  would  be  VL  ACKNOWLEDGMENTS 
needed  in  front  of  the  hybrid  samplers  since  they  have  been 

shown  to  have  a  dynamic  range  in  excess  of  80dB  [2].  As  it  Thanks  to  Charlie  Nielson  for  technical  support  and 

stands  the  cable  lengths  must  be  minimized  and  pads  used  to  to  Bob  Meller  for  useful  discussions, 
avoid  reflections  that  would  lead  to  multiple  triggers. 


SAMPLER  LINEARITY  VS  CURRENT 


Figure  5 

Sampler  linearity 

Resolution  is  limited  by  the  12  bit  ADC.  Linac  beam  position 
measurements  show  the  same  noise  as  measured  on  the 
bench.  The  resolution  at  the  top  of  the  dynamic  range  is 
46.1  mm/4096  =  11.25  uM,  where  the  PUE  scale  factor  = 
46.1mm. 

IV.  PACKAGING 

The  sampling  unit  electronics  are  housed  in 
commercially  available  aluminum  "Compac"  boxes 
measuring  4"  x  5*  x  2”.  All  timing  components  are  on  a 
motherboard  with  the  hybrid  samplers  mounted  vertically. 
Noise  is  minimized  by  connecting  the  sampling  units  to  the 
PUEs  with  short  RF  cables,  mounting  sensitive  components 
inside  an  RF  tight  enclosure,  using  fiber  optics  and  opto- 
isolators  on  all  digital  signals,  and  by  reading  the  current 
loops  with  differential  receivers.  The  self  triggering  feature 
simplifies  installation  since  all  critical  timing  components 
are  contained  in  the  sampling  units.  The  units  will  function 
properly  as  long  as  the  PUE  signal  arrives  at  any  time  during 
the  lOOnS  gate  select  pulse. 
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Abstract 

Prototype  components  of  the  VXI-based  Beam  Position 
Monitor  Electronics  for  the  Relativistic  Heavy  Ion  Collider 
have  been  constructed  and  tested  for  accuracy,  resolution  and 
linearity.  The  detector,  designed  solely  for  single-bunch  acqui¬ 
sition,  consists  of  a  homodyne  detector  followed  by  a  sample 
and  hold  and  Analog-to-Digital  Converter.  In  the  final  mod¬ 
ules,  an  on-board  Digital  Signal  Processor  will  provide  turn  by 
turn  data  correction,  continuously  updated  closed -orbit  averag¬ 
ing,  and  circular  buffer  maintenance.  A  timing  processor 
allows  synchronization  of  modules  to  enable  correlated  data 
collection. 


frequency  (78  kHz)  and  digitally  calculated  closed  orbit  at  the 
synchrotron  frequency  (less  than  a  few  hundred  Hz).  The 
design  philosophy  is  to  digitize  as  soon  as  possible  in  the  pro¬ 
cessing  chain,  perform  all  data  correction  and  position  calcula¬ 
tion  digitally  within  the  module  itself,  and  store  results  in  on¬ 
board  memory.  A  Digital  Signal  Processor  is  being  designed 
into  the  BPM  electronics  module  for  this  purpose. 

All  RHIC  BPM  electronics  modules  will  conform  to  the 
VXI  (VME  Extension  for  Instrumentation)  specification  for 
register  based  C-size  modules.  All  memory  will  be  directly 
mapped  into  the  VXI  memory  address  space,  allowing  stored 
data  to  be  accessed  at  high  speeds. 


Figure  1.  Block  diagram  of  the  position  monitor  electronics  module 


I.  Introduction 

As  previously  described*  '*,  the  RHIC  position  monitor 
system  will  contain  over  500  BPMs  in  the  two  storage  rings 
and  over  40  BPMs  in  the  injection  lines.  Most  monitors  in  the 
injection  lines  and  regular  arcs  will  measure  in  only  in  the 
plane  of  maximum  beta.  Others  will  measure  in  both  planes. 
All  monitors  share  a  similar  design  based  on  shorted  50Q  strip¬ 
lines  approximately  23  cm  long*2*. 

The  RHIC  BPM  electronics  are  being  designed  to  simul¬ 
taneously  provide  single  bunch  acquisition  at  the  revolution 


*  Work  supported  by  the  U.S.  Department  of  Energy 


As  seen  in  Figure  1,  the  BPM  electronics  is  being  devel¬ 
oped  in  two  parts:  the  analog  front  end,  which  consists  of  a 
pulse  detector  mounted  in  the  front  half  of  the  VXI  module, 
and  the  digital  acquisition  section,  which  consists  of  the  DSP- 
based  VXI  card  with  daughterboards  containing  the  digitizers 
and  timing  interface  circuitry.  The  analog  front  end  has  been 
through  several  prototypes  with  test  results  from  the  latest  ver¬ 
sion  reported  here.  The  DSP  and  VXI  interface  design  is  being 
done  in  cooperation  with  the  Brookhaven  Instrumentation 
Division  and  first  prototypes  are  due  during  the  summer  of 
1993.  Digitizer  prototypes  are  under  construction  and  the  tim¬ 
ing  circuitry  is  currently  being  tested. 
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II.  Analog  Front  End 

A.  Beam  characteristics 

RHIC  will  contain  relativistic  beams  of  ions  in  the  mass 
range  from  protons  through  fully  ionized  gold.  The  bunches 
will  be  accelerated  in  a  26.7  MHz  accelerating  RF  system,  and 
undergo  a  bunch  rotation  at  top  energy  to  allow  clean  transfer 
to  a  196  MHz  storage  RF  system.  All  ions  except  protons  will 
pass  through  transition.  Minimum  bunch  spacing  is  110  ns 
with  a  single  gap  a  few  hundred  ns  long  to  accommodate  for 
the  extraction  kicker  risetime. 


Table  1:  Dynamic  range  requirements 


Parameter 

Min 

Max 

Effect  on 
Common 
Mode 

Power 

Intensity 

1010  e/bunch 

3x10"  e/bunch 

30  dB 

Bunch 

Length 

1.2  m 

5.1  m 

9.5  dB 

Position 

-20  mm 

+20  mm 

7.5  dB 

-5  mm 

+5  mm 

4  dB 

By  using  these  beam  characteristics  in  a  system  simula¬ 
tion*3*,  the  dynamic  range  required  of  the  analog  front  end  can 
be  determined.  A  useful  subset  of  the  simulation  results  is 
shown  in  Table  1.  For  a  fixed  intensity,  the  full  dynamic  range 
of  common  mode  power  (total  power  transmitted  through  the 
two  BPM  cables)  due  to  changes  in  beam  position  and  bunch 
length  is  17dB.  This  is  the  absolute  minimum  instantaneous 
dynamic  range  required  of  the  analog  front  end,  but  for  opera¬ 
tional  convenience  much  more  will  be  provided. 


B.  Analog  front  end  specifications 

The  following  points  summarize  the  specifications  and 
design  philosophy  of  the  analog  front  end: 

1.  Single  bunch  acquisition. 

2.  Maximum  bunch  acquisition  rate:  78  kHz  (the  revolution 
frequency). 

3.  Position  uncertainty  at  center  for  entire  system  (BPM  + 
electronics):  <0.13mm. 

4.  Single  bunch  resolution  for  commissioning  (single  bunch, 
10,C  protons  per  bunch):  <lmm. 

For  operating  storage  (>10* 1  protons  per  bunch,  or  109  gold 
ions  per  bunch):  «0.1mm 

5.  Bunch-to-bunch  coupling:  <  -60dB 

6.  Instantaneous  Dynamic  Range:  >17dB. 

Programmable  attenuation:  >30dB. 

C.  Analog  Front  End  Prototype 

The  analog  front  end,  shown  in  Figure  2,  is  a  homodyne 
detector  optimized  for  single  bunch  acquisition,  using  band¬ 
pass  filters  on  the  input  for  pulse  stretching,  and  adjustable 
attenuation  for  increased  dynamic  range.  The  bandpass  filter 
has  a  40MHz  bandwidth,  very  wide  for  this  type  of  application, 
which  is  necessary  to  keep  the  bunch-to-bunch  coupling  less 
that  -60dB  with  the  8.9MHz  bunching  frequency.  Due  to  the 
large  amounts  of  power  coupled  through  40MHz  bandwidth, 
30dB  of  adjustable  attenuation  can  be  used  to  increase  the 
dynamic  range  of  the  detector.  The  homodyne  detector  itself 
combines  a  limiter  chain  with  a  comparator  threshold  detector 
to  generate  the  mixer  LO  signal.  This  arrangement  gives 
>50dB  dynamic  range  while  preventing  oscillations  in  the 
detector  loop.  This  is  a  necessity  for  single  bunch  acquisition, 
where  a  continuous  signal  and  its  ability  to  overcome  loop 
oscillations  does  not  exist. 

One  of  the  design  goals  for  the  analog  front  end  was  to 
make  sure  that  the  noise  signal  input  to  the  S/H  and  digitizer 
was  the  same  or  slightly  larger  than  the  digitization  output 
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Figure  3.  Single  bunch  performance 


noise  seen  with  a  50Q  termination  on  the  S/H  input.  This 
insures  that  the  maximum  signal  to  noise  ratio  is  being 
achieved.  Even  with  a  20dB  gain  block  after  the  detector,  this 
criterion  is  maintained. 

The  signal  is  then  sampled  with  an  AD9100  monolithic 
sample  and  hold,  and  for  these  bench  tests  only,  it  is  digitized 
with  a  ICS-140  VME  card,  which  uses  two  Crystal  CS5 101  16- 
bit  digitizers  for  simultaneous  acquisition.  In  the  final  imple¬ 
mentation,  the  16  bit  ADCs  will  reside  on  a  daughter  card  on 
the  digital  acquisition  board.  Results  of  single  bunch  bench 
tests  are  shown  in  Figure  3.  For  these  tests,  a  bunch  under  stor¬ 
age  conditions  was  simulated  and  a  20  dB  input  attenuator  was 
used.  For  low  intensity  operation,  the  20  dB  attenuation  would 
be  switched  out  and  similar  performance  would  the  be 
expected  for  bunches  w:*h  ar.  order  of  magnitude  less  charge. 
Performance  of  the  fro  t  enc*  prototype  under  both  CW  and 
single  bunch  conditions  is  summarized  in  Table  2.  The 


Table  2:  Performance  of  Prototype  Front  End 


70  MHz 

CW  Detection 

Single  Bunch 
Detection 

Accuracy 

+/-  50>im 

+/-  50fim 

Dynamic 

Range 

50dB 

30dB 

Resolution 

<10)im  RMS 
(40MHz  BW) 

<20pm  RMS 

dynamic  range  quoted  is  the  instantaneous  range  for  the  given 
accuracy  and  does  not  take  into  account  the  availability  of  vari¬ 
able  input  attenuation.  The  immediate  design  goal  is  to 
increase  the  operating  dynamic  range  for  single  bunch  acquisi¬ 
tion  to  approach  that  of  CW  operation.  To  achieve  this,  all 
components  of  the  detector  must  be  matched  for  transient  oper¬ 
ation. 


III.  Digital  Acquisition  Section 

Table  3  summarizes  the  functionality  of  the  digital  acqui¬ 
sition  section  shown  in  Figure  1.  The  RAM  (used  mosdy  for 


Table  3:  Specification  of  the  digital  acquisition  section 


Feature 

Specification 

closed 

orbit 

buffer 

10  second  deep  circular  buffer,  initialized, 
updated  on  globally  distributed  timing 
events,  and  stopped  on  abort  event 

turn  by 
turn 

buffer 

several  synchrotron  periods  deep;  initial¬ 
ized  on  a  timing  event  and  updated  on  a 
trigger  locally  delayed  from  a  tum-by-tum 
event 

timing 

decoder 

decodes  several  timing  events;  counters 
provide  synchronization  with  any  bunch 
and  programmable  delay  lines  provide  2ns 
resolution 

DSP  soft¬ 
ware 

perform  within  a  single  turn  (12ps): 
acquire  4  digitized  values,  apply  correc¬ 
tions,  calculate  position  &  charge,  average 
closed  orbit,  and  update  buffers 

the  buffers),  DSP,  VXI  interface,  and  Industry  Pack  (IP)  inter¬ 
face  are  all  provided  on  a  board  within  the  C-size  module. 
Space  for  four  industry  packs  is  provided  in  each  module  and 
the  ADCs  and  timing  decoder  reside  on  these  IPs.  Using  IPs  for 
the  more  specific  circuit  functions  allows  the  same  DSP  board 
to  be  adapted  for  different  applications,  avoiding  inefficient 
design  reproduction. 

IV.  Calibration  system 

In-place  calibration  will  be  provided  to  test  the  electron¬ 
ics  from  the  control  room,  as  the  hardware  cannot  be  accessed 
while  the  machine  is  in  operation.  The  calibration  input  to  the 
BPM  processing  chain  is  a  stripline  directional  coupler 
attached  to  the  cryostat  This  will  couple  a  calibration  signal,  a 
simulated  beam  pulse  generated  in  the  equipment  alcove, 
equally  to  both  inputs  of  a  BPM  channel.  Variation  of  the  input 
attenuators  will  permit  both  offset  and  gain  calibration.  By 
injecting  the  pulses  into  the  directional  coupler  during  the 
extraction  gap  in  the  beam,  calibration  measurements  can  be 
made  during  machine  operation. 
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Abstract 

In  order  to  overcome  range  limitations,  the 
existing  Beam  Position  Monitor  (BPM)  receiver 
was  modified,  extending  the  dynamic  range  from  35 
dB  to  60  dB.  The  modifications  include  the  insertion 
of  an  RF  PIN  attenuator,  RF  amplifier,  and  control 
circuitry  in  line  with  the  RF  link  to  add  an  extra 
25dB  to  the  existing  AGC  loop.  This  stand  alone 
25dB  RF  gain  control  stage  is  integrated  into  the 
present  system  without  any  change  to  the  existing 
receiver. 

I.  INTRODUCTION 

The  30  to  35  dB  dynamic  range  of  the  existing 
receiver  is  sufficient  for  normal  operation  of  the 
VUV  and  XRAY  rings.  However,  this  limited  range 
is  insufficient  for  research  which  requires  low 
currents  in  the  rings,  resulting  in  large  errors  in  the 
receiver's  position  outputs.  Since  the  useful  ranges 
of  the  receivers  do  not  exactly  overlap  the  range  of 
ring  operation,  an  additonal  margin  of  receiver 
range  would  be  useful.  Three  different  approaches 
were  considered: 

1.  Improve  the  10.7  MHZ  IF  section.  This 
approach  is  time  consuming  in  that  it  requires 
replacing  an  existing  working  board.  This 
means  deleting  existing  circuitry,  installing  new 
circuitry  and  finally,  recalibrating  and  checking 
the  new  receiver. 

2.  Build  a  separate  AGC  at  the  158.66  MHz,  RF 
frequency.  This  appraoch  has  the  advantage  of 
minimizing  the  RF  power  range  at  the  input  to 
the  mixer.  This  stand  alone  AGC  need  not  be 


•Work  performed  under  the  auspices  of  the  U.S. 
Department  of  Energy. 


extremely  precise  because  the  existing  IF  AGC 
will  continue  to  operate,  controlling  the  overall 
loop  performance.  The  major  drawback  in  this 
method  is  that  it  requires  more  complex  circuitry 
and  careful  attention  to  ensure  the  two  loops  do 
not  interfere  with  each  other. 

3.  Insert  a  voltage  control  RF  attenuator  (PIN 
diode).  This  is  the  approach  ultimately  chosen 
(Figure  1).  The  control  voltage  to  the  PIN  is 
derived  from  the  existing  0-1  Ov  voltage  that 
drives  the  IF  AGC.  The  input-output  for  this 
box  is  in  the  form  of  SMA  connectors  that  can 
be  placed  just  before  the  158.66  MHz  band  pass 
filter.  This  approach  does  not  necessitate  any 
modification  to  existing  circuitry.  Installation  of 
this  box  is  simple,  so  the  overall  upgrade  is 
easily  accomplished. 


II.  RF  ATTENUATOR 

The  attenuator  consists  of  Watkin  Johnson 
G2  PIN  diode  attenuator  with  frequency  range  up  to 
1000  MHz  ,  and  attenuation  range  over  45  dB.  The 
PIN  attenuator  is  followed  by  a  Watkin  Johnson 
A81-2  RF  amplifier  which  has  17dB  gain  and 
operates  to  400  MHz. 

At  low  current  levels  in  the  ring,  the  PIN 
diode  is  in  its  minimum  attenuation  level  (insertion 
loss).  The  combination  of  the  2dB  insertion  loss  of 
the  PIN  diode  and  the  17  dB  gain  of  the  RF 
amplifier  actually  improves  the  noise  figure  of  the 
receiver  at  these  low  levels.  The  AGC  input  signal 
to  the  RF  attenuator  must  be  offset  and  gain 
adjusted  in  order  to  optimize  the  performance  of  the 
combined  AGC.  Figure  2  shows  the  RF  AGC 
layout. 
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Figure  i.  RF  BPM  receiver  block  diagram. 
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Figure  2.  RF  attenuator  diagram. 

ffl.  RESULTS 

Figure  3  shows  a  typical  attenuation  vs. 
control  voltage  characteristic  of  the  WJ-G2  PIN 
diode.  These  diodes  have  greater  than  40  dB 
dynamic  range  at  158  MHz.  However,  at  low  input 
voltages  the  non  linearity  is  extremly  severe, 
eliminating  the  usefulness  of  this  range.  The  offset 
and  gain  potentiometers  were  adjusted  in  such  a 
way  that  0  to  10  volts  at  the  input  to  the  box 
resulted  in  1.5  to  8  volts  at  the  input  to  the  PIN 
diode. 


Figure  4  shows  the  PIN  diode  attenuator 
box  characteristics.  All  units  were  calibrated  this 
way,  and  showed  little  deviation  from  one  to 
another.  Thus  far,  5  units  have  been  integrated  into 
the  BPM  receivers.  The  improved  overall  dynamic 
range  is  shown  in  Figure  5.  The  tight  position 
control  ranges  close  to  50  dB,  and  up  to  60  dB  with 
small  deviations. 


Figure  3.  WJ-G2  diode  characteristics. 

IV.  CONCLUSION 

The  addition  of  an  RF  voltage  control 
attenuator  to  the  existing  BPM  extends  the  dynamic 
range  of  the  receiver  by  25  dB.  The  integration  into 
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the  receivers  proved  to  be  simple,  requiring  very 
little  adjustment..  In  three  of  the  five  units 
integrated,  nothing  more  was  required  than  to  place 
The  attenuator  box  in  the  receiver.  Since  each 
receiver  is  different,  some  adjustments  and 
optimizations  of  the  overall  AGC  loops  should  be 
ec 


Figure  6.  AGC  and  SUM  variation  vs.  input 
power. 


Figure  4.  AGC  box  characteristics. 


Figure  5.  Y  -  Position  variation  (3,3  mm)  vs.  input 


Beam  Position  Monitoring  in  the  100-MHz  to 
500-MHz  Frequency  Range  Using  the  Log-Ratio  Technique* 


F.  D.  Wells,  R.  E.  Shafer  and  J.  D.  Gilpatrick 
Los  Alamos  National  Laboratory,  MS:  H808 
Los  Alamos,  NM  87545  USA 


Abstract 

A  logarithmic-ratio  beam  position  monitor  (BPM)  circuit 
has  been  designed  that  operates  directly  from  radio  frequency 
signals  in  the  100-MHz  to  500-MHz  frequency  range.  The 
circuit  uses  four  logarithmic  amplifiers,  a  pair  for  each 
channel.  One  amplifier  per  channel  receives  its  signal  input 
directly  from  a  BPM  electrode,  while  the  second  amplifier 
receives  the  same  signal  attenuated  by  7-dB.  The  two  outputs 
of  each  channel  are  summed  together  and  the  composite  video 
outputs  are  applied  to  a  differencing  amplifier.  The  net  result 
is  the  logarithmic-ratio  position  measurement  derived  from  the 
two  input  rf  signals.  Paralleling  the  pairs  of  outputs  from  the 
amplifiers  provides  measurement  accuracy  that  is  comparable 
to  other  circuit  techniques  used  for  position  measurement 

I.  INTRODUCTION 

Logarithmic-ratio  processing  of  beam  position  monitor 
(BPM)  signals  is  a  viable  circuit  technique  that  has  been 
described  in  several  publications  [1],  [2],  and  [3].  Previously, 
however,  an  upper  frequency  limit  of  100-MHz  was  imposed 
by  the  Analog  Devices  Model  AD640  integrated  circuit 
logarithmic  amplifier  that  was  employed  for  this  application. 
Recent  investigations  have  shown  the  feasibility  of  designing 
log-ratio  circuits  around  the  Plessey  Semiconductor  Company 
Model  SL3522A  logarithmic  amplifier  [4].  This  device  is  a 
successive  detection  logarithmic/limiting,  monolithic 
amplifier  that  produces  a  Log/Lin  characteristic  for  input 
signals  between  +6  and  -64  dBm  with  a  linearity  of  1-dB  over 
the  100-MHz  to  500-MHz  frequency  range.  Comprising  the 
circuit  are  six  amplifier  stages  of  12-db  gain  each,  seven 
detector  stages,  a  limiting  rf  output  buffer  and  a  video  output 
amplifier.  For  the  log-ratio  application  the  rf  output  buffer  is 
disabled. 

II.  AMPLIFIER  CHARACTERISTICS 

In  Figure  1,  the  transfer  curve  for  a  typical  SL3522A 
amplifier  is  shown.  The  figure  also  shows  a  plot  of  the 
difference  between  a  straight  line  fit  to  the  curve  and  the  actual 
amplifier  response.  The  difference  curve  illustrates  the 
sinusoidal  ripple  that  is  present  in  the  transfer  function.  This 
ripple  is  a  side  effect  of  the  successive  approximation 
technique  used  to  achieve  the  logarithmic  response. 

When  two  amplifiers  are  employed  in  a  log-ratio  circuit  a 
large  amount  of  ripple  is  produced  in  the  position 
measurement  response.  This  is  illustrated  by  the  curves  of 
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Figure  1.  Transfer  curve  of  a  SL3522A  amplifier  and  the 
straight  line  fit  difference  plot. 

Figure  2.  The  measurement  error  resulting  from  this  ripple 
ranges  from  2%  at  the  center  of  a  cylindrical  BPM  probe  to 
approximately  8%  at  one-fifth  of  the  probe  radius  [4]. 


-80  -60  -40  -20  0 

INPUT  POWER  (dBm) 


Work  supported  and  funded  by  the  US  Department  of  Defense, 
Army  Strategic  Defense  Command,  under  the  auspices  of  the 
US  Department  of  Energy. 


Figure  2.  Response  curves  of  the  dual  amplifier  log-ratio 
circuit. 
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A  technique  for  suppressing  the  ripple  has  been  suggested 
in  Reference  [3].  Two  amplifiers  are  operated  in  parallel  and 
their  outputs  are  summed  to  give  a  composite  response.  One 
amplifier  receives  its  signal  directly  from  a  BPM  electrode, 
while  the  second  receives  the  same  signal  attenuated  by 
approximately  one-half  the  intrastage  gain,  i.  e.,  6-dB.  For 
this  case  7-dB  was  found  to  produce  the  best  results. 
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Figure  3.  Transfer  curve  of  a  dual  amplifier  combination 
with  the  input  to  one  amplifier  attenuated  7-dB. 

Figure  3  shows  the  transfer  curve  of  the  pair,  along  with 
the  straight-line-fit  difference  curve.  The  transfer  curve  is 
more  linear  then  that  of  a  single  amplifier  and  the  ripple  is 
suppressed. 

To  obtain  the  best  results  the  circuit  adjustments  are 
important.  Each  amplifier  has  a  gain  and  an  offset  adjustment. 
Care  must  be  taken  to  match  the  gains  and  the  offsets  so  as  to 
equalize  the  transfer  slopes. 


The  response  of  the  quad-circuit  to  425-MHz  rf  signals  is 
shown  in  Figure  5.  On  the  horizontal  axis,  the  rf  input  power 
to  the  A  and  B  channels  is  plotted,  ranging  from  -70  dBm  to  0 
dBm.  The  family  of  curves  represents  13  position  values 
corresponding  to  signal  input  ratio  changes  from  -6-dB  to 
+  6-dB  in  1-dB  steps.  The  center  trace  results  when  the  two 
signals  are  equal  (A=B).  The  upper  traces  correspond  to  A>B, 
whereas  the  lower  traces  result  when  A<B.  Ripple  in  these 
curves  has  been  substantially  reduced  by  use  of  the  quad- 
amplifier  technique.  Best  operation  occurs  in  the  range  of 
•SO  dBm  to  -10  dBm,  corresponding  to  a  dynamic  range  of 
100:1  in  beam  current  The  transfer  factor  for  the  circuit  is 
about  0.5  volts  per  dB. 


Figure  5.  Response  curves  of  the  quad-amplifier  log-ratio 
circuit. 


IH.  THE  QUAD-AMPLIFIER  CIRCUIT 


IV.  NOISE  CONSIDERATIONS 


Figure  4  shows  the  circuit  configuration  for  the  log-ratio 
application.  The  four  logarithmic  amplifiers,  two  summing 
amplifiers  and  the  differencing  amplifier  combine  to  produce  a 
beam-position -output  signal  proportional  to  log  (A/B). 


Figure  6  shows  the  noise  limited  resolution  characteristic 
of  the  circuit,  along  with  a  plot  of  the  theoretical  kTB 
resolution,  for  a  circuit  bandwidth  of  2-MHz.  Below  -40  dBm 
the  two  curves  have  approximately  the  same  slope  and  they 
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Figure  4.  The  quad-amplifier  log-ratio  circuit. 
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Figure  6.  Resolution  curve  of  the  quad-amplifier  log- 
ratio  circuit. 
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RF  INPUT  UNBALANCE  (dB) 


are  separated  by  about  25-dB  of  input  power.  For  rf  power 
inputs  greater  than  -40  dBm  the  trend  is  toward  a  constant 
value  of  resolution.  This  flattening  of  the  resolution  curve  is 
characteristic  of  log-ratio  circuits  [2],  [3].  It  may  be  caused  by 
saturation  effects  that  take  place  in  the  intrastage  amplifiers 
and  detectors  as  the  input  power  increases. 

V.  CONCLUSIONS 

The  quad-amplifier  log-ratio  circuit  is  a  viable  candidate 
for  beam  position  measurement  in  the  100-MHz  to  500-MHz 
frequency  range.  Many  accelerators  operate  at  bunching 
frequencies  in  this  range  and  they  could  benefit  from  beam 
position  measurements  using  this  equipment.  The  principle 
attribute  of  the  circuit  is  that  it  can  operate  directly  from  BPM 
rf  signals.  No  additional  circuits  such  as  down  converters 
would  be  required. 
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Abstract 

We  have  built,  installed,  and  tested  a  pinger  [1]  for  use 
as  a  general  diagnostic  at  the  Los  Alamos  Proton  Storage 
Ring  (PSR).  Two  4-m-long  parallel-plate  electrodes  with  a 
plate  spacing  of  10.2  cm  provide  kicks  of  up  to  1.1  mrad.  A 
pair  of  solid-state  pulsers  may  be  operated  in  a  single-pulse 
mode  for  beam  pinging  (tune  measurements)  or  in  a  burst 
mode  at  up  to  700-kHz  pulse  rates  for  beam  sweeping.  During 
our  1992  operating  period,  we  used  the  pinger  for  beam 
sweeping,  for  beam  shaking,  for  measuring  the  tune  shift,  and 
we  have  used  it  as  an  ion  chamber.  Using  the  pinger  as  an  ion 
chamber  during  production  conditions  has  yielded  some 
surprising  results. 

I.  INTRODUCTION 

In  the  past,  we  have  measured  the  horizontal  tune  at 
high  intensity  by  pulsing  the  extraction-kicker  electrodes  at 
reduced  voltages.  We  have  also  acquired  additional  horizontal 
data  by  observing  coherent  motion  produced  by  the  charging 
operation  for  our  Blumlein-configured  extraction-kicker 
modulators;  however,  there  has  been  no  convenient  way  to 
make  a  similar  measurement  in  the  vertical  plane.  During  a 
break  in  our  1992  operating  period,  we  installed  a  set  of 
vertical  pinger  electrodes  [1]  in  section  3  of  the  PSR.  We  are 
now  capable  of  pinging  the  beam  vertically  and  observing 
vertical  coherent  motion. 

In  addition  to  beam  pinging,  we  also  have  the  ability 
of  sweeping  beam  from  the  space  between  beam  bunches. 
Operating  at  a  maximum  of  10  kV,  our  pulsers  cannot  remove 
all  the  beam  in  a  single  kick.  We  depend  on  several  kicks 
timed  to  add  up  to  an  effective  kick  sufficient  to  completely 
remove  the  beam.  In  practice,  we  adjust  the  fractional  tune  to 
1/6  and  kick  every  6  turns.  We  have  also  operated  with  a 
vertical  tune  of  1/4  with  a  kick  every  4  turns. 

The  pinger  electrodes  may  be  DC  biased  and  used  as 
clearing  electrodes  to  remove  unwanted  electrons  and  ions.  A 
metering  device  may  be  added  to  use  the  electrodes  as  an  ion 
chamber  and  measure  the  quantity  of  electrons  and  ions 
collected.  Preliminary  experiments  have  yielded  some 
confusing  results. 


*  Work  performed  under  the  auspices  of  the  U.S.  Department 
of  Energy. 


We  present  here  an  overview  of  some  of  the  initial 
data  we  have  collected  in  pinger  and  beam-sweeping 
experiments.  We  also  present  results  from  our  measurement 
of  the  collected  charge  with  the  pinger  plates  operated  as  an 
ion  chamber. 

Relative  BeamRasiticn 


II.  BEAM  PINGING 


We  can  provide  positive  and  negative  10-kV  pulses 
timed  to  occur  at  any  selected  time  within  the  PSR 
accumulation  cycle.  The  pulse  width  is  adjustable  from  100 
nsec  to  several  psec  in  width  and  has  rise  and  fall  times  of  20 
nsec.  For  beam  pinging,  we  adjust  the  pulse  width  to  one  PSR 
revolution  period  (360  nsec)  and  time  the  kick  to  occur  as  the 
beam  bunch  passes  the  pinger  electrode.  We  can  observe 
beam  motion  with  a  30-MHz-bandwidth  capacitive  pickup 
system  or  with  high  frequency  strip-line  pickups  (first 
maximum  at  200-MHz  for  the  normal  electrode  or  400-MHz 
for  a  short  version).  The  strip-line  pickups  differentiate  the 
beam  signal,  complicating  analysis,  so  we  generally  utilize 
the  capacitive  pickup  system.  Figure  1  shows  the  capacitive 
pickup  output  for  a  single  ping  late  in  the  injection  cycle  with 
full-intensity  beam  stored  in  the  PSR  (2.5xlOl3  stored 
protons).  The  processing  electronics  is  not  normalized  to 
beam  intensity  so  the  output  retains  the  shape  of  the  beam 
bunches.  In  this  trace,  the  circulating  beam  is  offset  toward 
the  inner  radius.  The  initial  part  of  the  waveform  shows 
negative  pulses,  indicating  the  beam  offset  and  the 
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oscillations  after  the  ping  are  centered  about  the  offset  central 
orbit  A  spectrum-analyzer  scan  taken  with  these  conditions 
gives  sidebands  at  2.476  MHz  and  3.144  MHz  with  a 
measured  revolution  frequency  of  2.808  MHz.  The  resulting 
full-intensity  vertical  tune  is  2.119,  compared  to  a  low- 
intensity  single-injected-bunch  measured  tune  of  2.134. 


III.  BEAM  SWEEPING 

In  the  beam  sweeping  mode,  we  can  provide  a  100- 
nsec-long  10  kV-kick  at  a  maximum  rate  of  700  kHz.  The 
revolution  frequency  is  2.8  MHz,  so  we  can  kick  every  four 
turns.  For  normal  production,  we  set  the  vertical  tune  to 
2.173.  Only  a  minor  change  is  necessary  to  alter  the  fractional 
tune  to  0.166  and  generate  a  kick  every  six  turns,  so  we  have 
chosen  this  scenario  for  our  normal  sweeping  mode.  The 
minimum  available  pulse  width  is  100  nsec  (full  width,  half 
maximum).  Figure  2  shows  the  result  of  several  sequential 
sweeping  pulses.  We  have  set  the  injected  beam  bunch  length 
to  100  nsec  and  have  centered  the  kick  on  the  beam  bunch, 
allowing  our  sweeping  pulse  to  remove  all  of  the  injected 
beam.  We  have  not  longitudinally  confined  the  beam,  so 
some  beam  remains  at  the  leading  and  trailing  edges  of  the 
kick. 
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Figure  2:  100-nsec  Beam  Bunch  Kicked  Every  6  Turns 


One  intended  use  for  our  sweeping  technique  is  to  completely 
clear  the  space  between  bunches  of  protons.  Only  a  small 
amount  of  protons  in  the  gap  between  bunches  is  required  to 
trap  electrons  and  produce  the  unstable  condition  we  observe 
at  high  intensity  in  the  PSR.  We  have  made  several  attempts 
to  demonstrate  stable  operation  with  beam  sweeping  with 
varied  success.  The  sweeping  pulse  is  longer  than  the  space 
between  the  bunches,  so  we  always  sweep  out  some 
circulating  beam.  We  have  been  able  to  replace  this  lost  beam 
and  demonstrate  stable  operation.  In  our  efforts  to  increase 
intensity  with  beam  sweeping,  we  still  observe  a  fast  beam 
loss.  We  attribute  this  to  an  increase  in  electrons  generated  by 
the  beam  lost  during  sweeping,  gap  filling  at  rates  exceeding 


the  sweeping  rate,  or  some  other  mechanism  we  do  not  yet 
understand.. 


IV.  BEAM  SHAKING 

During  the  1990  run  period,  we  were  able  to  drive  an 
extraction-kicker  electrode  with  a  continuous  wave  sinusoidal 
rf  signal  at  a  frequency  near  the  lowest  horizontal  tune 
frequency.  We  observed  an  increase  in  the  instability 
threshold  of  about  five  percent.  We  have  now  repeated  this 
experiment  using  the  pinger  electrode  and  demonstrated  a 
similar  result  for  the  vertical  plane.  Driving  at  about  25  MHz 
at  the  100- watt  level  (into  a  50-ohm  load  at  one  end  of  the 
electrode)  resulted  in  an  abrupt  increase  in  vacuum  chamber 
pressure.  There  seems  to  have  been  some  sort  of  electrical 
breakdown  at  voltage  levels  well  below  the  10  kV-hold-off 
capability  of  our  electrode  system.  We  have  yet  to  repeat  the 
experiment  without  beam. 


V.  ION-CHAMBER  RESULTS 

We  have  also  used  the  pinger  electrodes  as  an  ion 
chamber  by  biasing  one  or  both  electrodes  and  measuring  the 
current  thus  collected.  Ions  and  electrons  from  residual  gas 
ionization  usually  comprise  the  primary  contribution  from 
such  a  measurement  Other  contributions  include  secondary 
emission  of  electrons  due  to  interactions  of  the  beam  with  the 
beam  pipe  and  pinger  electrodes,  and  protons  from  the  halo  of 
the  beam  stopping  in  the  electrodes.  There  are  also  strong 
(150  V  peak-to-peak  into  50  ohms)  ac-coupled  signals  due  to 
the  beam  passing  by  the  electrodes.  To  minimize  the  effect  of 
these  signals,  we  carefully  terminated  each  end  of  each 
electrode  into  50  ohms,  as  shown  in  Figure  3. 

We  have  tried  various  setups,  including  biasing  one 
electrode  and  measuring  the  current  on  the  other  electrode, 
and  biasing  both  electrodes  with  opposite  polarities  and 
measuring  the  current  on  one  of  them.  We  have  also  tried  to 
supress  the  strong  ac-coupled  signal,  due  to  beam  passing  by 
the  electrodes,  by  installing  1-pF  shunt  capacitors  at  the 
vacuum  feedthroughs.  In  all  cases,  we  get  the  surprising 
results  shown  in  Figure  4.  For  this  figure,  we  have  chosen  two 
representative  data  sets,  one  with,  and  one  without,  the  shunt 
capacitors  installed  at  the  vacuum  feedthroughs.  For  both 
measurements,  we  have  biased  one  electrode  and  measured 
the  current  on  the  other  electrode.  The  two  data  sets  were 
taken  during  production  conditions,  but  on  different  days.  We 
see  that  they  are  basically  the  same  except  for  their  relative 
amplitudes,  but  we  cannot  deduce  much  from  this  since  we 
have  observed  large  fluctuations  in  amplitude  from  one  data 
set  to  another,  apparently  due  to  imperceptible  variations  in 
the  exact  tune  of  the  linac,  beam  line,  and  PSR. 

We  do  not  fully  understand  the  behavior  of  the  data  in 
the  -50-V  to  +50-V  region.  The  collected  currents  are  huge. 
We  have  seen  up  to  15-(iA  of  average  collected  current  which 
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is  a  large  fraction  of  the  70-pA  average  injected  current  We 
expect  just  a  few  nA  of  current  from  residual  gas  ionization. 
We  suspect  some  sort  of  secondary  emission  of  electrons 
caused  by  the  interactions  of  the  residual  gas  ions  and 
electrons  with  the  beam  pipe  walls  and  pinger  electrodes.  The 
strong  ac-coupled  signals  on  the  pinger  electrodes  due  to  the 
high-intensity  beam  pulses  may  contribute  to  the  unusual 
peaks  in  these  data.  To  eliminate  this  effect,  we  tried 
injecting  low-current  dc  beam  into  the  ring.  Figure  5  shows 
the  results  of  these  measurents,  taken  at  4  Hz,  with  200  (is  of 
accumulation  and  500  ps  of  storage.  In  this  figure,  the  error 
bars  represent  the  range  of  current  readings  observed  over  a 
30-second  inteval.  The  setup  was  also  a  bit  different  from  that 
shown  in  Figure  3.  The  bottom  electrode  was  connected 
directly  to  a  power  supply,  with  no  50-ohm  terminations  at 
either  end,  and  the  low-pass  filter  on  the  picoammeter  was 
slightly  different.  These  data  are  about  what  one  would 
expect,  showing  a  gradual  climb  to  a  plateau  at  a  couple 
thousand  volts.  We  hope  that  additional  measurements 
scheduled  for  this  summer  will  shed  some  more  light  on  our 
puzzling  data. 


VI.  CONCLUSIONS 

We  have  a  new  diagnostic  tool  to  study  PSR 
performance.  We  have  thus  far  had  only  limited  opportunities 
to  explore  the  uses  of  this  new  tool  and  have  generated  some 
confusing  but  interesting  results.  This  year  we  hope  to  clarify 
these  results  and  complete  additional  beam  experiments, 
possibly  including  a  detailed  beam  transfer  function 
measurement. 
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Figure  3:  Pinger  Electrode  Connection  for  use  as  an  Ion  Chamber 


2321 


Test  Results  of  the  SSC  Log-Ratio  Beam  Position  Monitor  Electronics 


G.R.  Aiello,  M.R.  Mills,  R.E.  Gonzalez 
Superconducting  Super  Collider  Laboratory* 

2550  Beckleymeade,  MS-4005,  Dallas,  TX  75237  USA 


Abstract 

A  working  prototype  of  Beam  Position  Monitor  (BPM) 
electronics,  based  on  the  log-ratio  technique  is  described  in  this 
paper.  Results  of  a  test  performed  at  the  Fermilab  Booster, 
comparing  the  existing  Fermilab  BPM  system  are  also  pre¬ 
sented.  A  calibration  technique  has  been  used  which  corrects 
errors  due  to  mismatched  channels  and  electronics  drift.  The 
results  are  compared  with  botch  measurements  on  the  proto¬ 
type  circuit. 

I.  INTRODUCTION 

The  log-ratio  technique  for  BPM  electronics  has  recently 
been  investigated  at  many  laboratories  and  encouraging  results 
have  been  obtained  from  bench  testing.  A  test  was  performed 
at  the  Fermilab  Booster  in  order  to  understand  the  performance 
limitations  in  the  field.  The  machine  the  log-ratio  electronics 
was  tested  on  presents  some  interesting  problems.  The  RF  fre¬ 
quency  is  ramped  from  30MHz  to  53MHz  in  33ms,  and  the 
average  beam  current  increases  during  the  acceleration  cycle 
changing  the  signal  amplitude  presented  at  the  input  of  the 
electronics.  A  test  on  this  machine  has  a  direct  interest  for  the 
SSC  because  of  the  similar  parameters  of  the  Low  Energy 
Booster.  A  direct  comparison  of  the  log-ratio  BPM  electronics, 
built  at  the  SSC,  with  die  Fermilab  Booster  AM/PM  electronics 
is  described  in  this  paper.  The  signal  from  the  BPM  electrodes 
was  split  in  order  to  provide  a  simultaneous  source  to  both  sys¬ 
tems.  The  outputs  were  digitized  by  the  same  ADC  module  and 
later  processed. 

H.  LABORATORY  RESULTS 

A.  Position  Characteristics 

The  log-ratio  technique  for  BPM  electronics  is  based  on 
equation  1,  [1],  where  S*  is  the  sensitivity  in  dB/mm,  VK  and 

the  signal  amplitudes  at  the  output  of  the  BPM  electrodes. 


Bench  performance  is  extensively  described  in  previous 
publications  [2],  [3],  [4].  The  two  plots  which  best  summarize 
the  performance  are  shown  in  figures  1  and  2. 

Circuit  linearity  is  an  important  consideration  in  measuring 
position  over  the  complete  range  of  beam  current  and  to  accu¬ 
rately  measure  displacement  from  center.  The  logamp  electron¬ 
ics  have  demonstrated  a  linearity  of  1  %  error  over  an  input 
power  dynamic  range  of  70dB. 


'Operated  by  the  Univertity  Reeeerch  AuocUhoo,  be.,  for  the  U.S. 
Department  of  Energy  wider  contract  No.  DE-AC35-89ER404S6 


A  plot  of  simulated  position  vs.  beam  current  was  obtained 
by  applying  a  source  signal  from  a  signal  generator  to  both 
channels  of  the  log-ratio  electronics.  Ramping  the  power  level 
of  the  generator  over  the  electronics  dynamic  range  simulated  a 
changing  beam  current.  A  simulation  of  beam  displacement  off 
center  was  accomplished  by  changing  the  power  ratio  of  the 
two  signals  while  again  ramping  the  input  power.  The  circuits 
dynamic  range  over  a  simulated  beam  displacement  of  ±10mm 
is  demonstrated  in  figure  1.  A  sensitivity  of  ldB/mm,  which 
corresponds  to  a  circular  beam  pipe  of  radius  33mm,  was  cho¬ 
sen  for  graph  legibility. 

Position  Plot  (S  -  1  dQftnm,  b  -  33mm) 


B.  Noise  Characteristics 

The  resolution  of  the  position  measurement  is  limited  by  the 
signal  to  noise  ratio,  according  to  the  following  expression  [1]: 


where  b  is  the  beam  pipe  radius,  PN  is  the  noise  power  and  Ps  is 
the  signal  power,  both  in  dBm.  The  theoretical  noise  power  is 
expressed  by  [5]: 

KTB 

101ogW)+ArF  (3) 

where  K  [J/K°]  is  Boltzman’s  constant,  T  [K°]  is  temperature, 
B  [Hz]  the  bandwidth  and  NF  [dB]  is  the  noise  figure.  The 
noise  figure  is  derived  by  measuring  the  position  resolution  at  a 
given  signal  power,  and  calculating  the  noise  power  at  the  mea¬ 
sured  conditions.  The  theoretical  curve  derived  by  equations  2 
and  3,  using  NF=0,  and  the  experimental  curve  of  the  logamp 
response  is  shown  in  figure  2.  The  noise  figure  is  derived  by 
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measuring  the  distance  in  the  horizontal  axis  between  the  two 
curves,  which  is  15dB. 


HoiM  plot  < BU-220KMz.S-ldB/wn. b-33«W  ->  NF»l3dB) 


Pla  (4Ba) 

Figure  2.  Beam  position  resolution  as  a  function  of  input 
signal  amplitude. 

III.  FERMILAB  TEST  RESULTS 

Position  measurements  of  the  Fermilab  Booster  were  taken 
with  the  test  setup  shown  in  figure  3.  Signals  A  and  B  origi¬ 
nated  at  a  set  of  horizontal  beam  pickups.  During  normal  oper¬ 
ation,  these  signals  would  be  terminated  in  Fermilab’s  RF 
module  which  incorporates  the  AM/PM  method  of  beam  detec¬ 
tion  [6].  The  signals  were  split  and  sent  to  both  the  RF  module 
and  the  log-ratio  circuit.  The  outputs  of  both  circuits  were  digi¬ 
tized  by  the  same  ADC  module  running  at  a  sample  frequency 
synchronized  to  the  revolution  frequency.  The  injection  syn¬ 
chronization  pulse  arrives  at  the  beginning  of  the  Booster  cycle 
and  arms  the  ADC.  The  Trigger  Generator  produces  a  pulse 


Figure  3.  Block  diagram  of  the  log-ratio,  AM/PM  position 
test  conducted  at  Fermilab. 

which  tracks  the  frequency  sweep  of  the  Booster  with  the  low 
level  RF.  This  signal  triggers  the  Pulse  Generator,  which  pro¬ 
vides  a  signal  for  the  ADC  module,  and  triggers  the  digitizer  on 
every  fifth  revolution,  the  quickest  rate  available. 


A  plot  of  the  beam  position  vs.  the  number  of  turns,  using 
the  log-ratio  circuit,  is  shown  in  figure  4.  A  corresponding  plot 
of  the  beam  position  obtained  with  the  RF  module  was  used  for 
comparisoa  The  difference  between  the  log-ratio  circuit  and 
the  RF  module  positions  is  shown  in  figure  3. 


Log  Ratio  Position 


Figure  4.  Measured  position  vs.  number  of  turns  through 
one  acceleration  cycle  with  the  log-ratio  circuit. 


After  the  first  4000  turns,  the  results  are  as  good  as  can  be 
expected,  considering  the  errors  associated  with  die  two  sys¬ 
tems.  The  typical  offset  for  the  Booster  RF  module  is  approxi¬ 
mately  0.5mm.  The  error  of  the  log-ratio  circuit,  due  to  ripple 
caused  by  saturating  gain  stages  internal  to  the  logamp,  could 
be  as  high  as  ±0.1  mm,  with  the  Booster  sensitivity  of  0.52dB/ 
mm.  12  bit  ADC’s  are  used  in  the  digitizer.  With  a  half  bit  of 
noise,  ±16pm  could  be  realized  with  the  log-ratio  electronics 
and  ±165 pm  with  the  RF  module.  The  position  signal  from  the 
RF  module  was  provided  from  its  20dB  attenuation  port,  which 
would  account  for  the  greater  displacement.  These  ADC  reso¬ 
lutions  causes  the  ripples  seen  in  figure  5,  not  the  general  shape 
of  the  curve. 

During  the  first  4000  turns  several  other  factors  must  be 
considered  in  understanding  the  plot  of  figure  5. 


Log  «•*»«  -  AMPM 


Figure  5.  Difference  of  position  between  the  log-ratio  cir¬ 
cuit  and  the  RF  module  vs.  number  of  turns. 


The  beam  signal  intensity  increases  by  about  lOdB  and  the 
revolution  frequency  sweeps  from  30MHz  to  47MHz  in  this 
early  part  of  the  cycle.  The  frequency  as  a  function  of  the  num¬ 
ber  of  turns  is  shown  in  figure  6. 

The  contributions  to  the  error  plot  of  the  log-ratio  electron¬ 
ics  is  due  to  both  amplitude  and  frequency.  The  electronics  is 
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certainly  processing  the  beam  signal  through  its  maximum 
range  of  linear  response  error,  which  appear  as  the  ripples  in 
figure  1 ,  and  corresponds  to  ±0. 1mm.  The  amount  of  position 
deviation  as  a  function  of  frequency  expected  is  on  the  order  of 
0.08mm.  Both  these  numbers  were  verified  by  bench  testing  at 
the  SSC. 


Fr«qu*rtcy  vs  Turns 


Figure  6.  RF  frequency  vs.  number  of  turns  at  the  Fermi- 
lab  Booster. 


Errors  due  to  the  AM/PM  electronics  are  a  little  harder  to 
discuss  because  an  RF  module  was  not  available  for  lab  test¬ 
ing.  However,  there  are  a  few  factors  which  could  account  for 
at  least  part  of  the  total  error.  During  the  early  period  of  accel¬ 
eration,  the  beam  displacement  is  in  the  range  of  7mm  to 
13mm  off  center.  Considering  the  Booster  sensitivity,  this  is  in 
the  range  where  the  AM/PM  response  is  becoming  nonlinear. 
Although  a  correction  formula  was  used  to  calculate  position, 
there  is  still  some  amount  of  error  associated  with  this  nonlin¬ 
earity.  Important  also  is  the  error  due  to  the  frequency  sweep. 
Down  converters  and  limiters  both  contribute  to  the  total  error 
which  could  be  as  large  as  ±Q.4mm  [7]. 

The  contribution  of  all  the  errors  amounts  to  about  1mm, 
which  is  not  out  of  line  with  the  plot  of  figure  5. 

IV.  CONCLUSIONS 

The  log-ratio  design  will  be  utilized  in  the  SSC’s  Linac. 
This  design  will  be  implemented  in  conjunction  with  a  fre¬ 
quency  down-converter  from  428 MHz  to  60MHz.  The  IF  fre¬ 
quency  was  chosen  with  the  intention  of  consolidating  a  design 
which  may  also  be  suitable  for  the  other  SSC  machines. 

Through  incorporating  relatively  minor  design  changes, 
this  log-ratio  circuit  will  also  be  proposed  for  service  in  the 
SSC’s  Low  Energy  Booster  (LEB).  With  the  LEB  sensitivity 
slightly  greater  than  that  of  Fermilab’s  Booster,  0.72dB/mm  as 
opposed  to  0.52dB/mm,  and  a  narrower  frequency  sweep  from 
47MHz  to  59MHz,  instead  of  33MHz  to  53MHz,  frequency 
compensations  won’t  be  necessary.  The  experience  at  the  Fer 
milab  Booster  has  taught  us  to  be  careful  here.  It  is  critical  that 
the  input  filters  be  well  matched  through  this  frequency  sweep. 
An  impedance  mismatch  as  a  function  of  frequency  will  result 
in  a  direct  position  error. 
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Abstract 

For  the  TESLA  Test  Facility  beam  position  monitors  with 
a  precision  of  about  10  pm  are  required.  A  circular  cavity 
excited  in  the  TA/no-mode  by  the  off-axis  beam  provides  a 
signal  strong  enough  for  various  injectors.  Expected  signal 
to  noise  ratios  and  the  theoretical  resolution  are  estimated 
for  a  designed  structure.  A  coaxial  combiner  was  designed 
for  common  mode  rejection.  It  is  also  foreseen  to  test 
different  low-impedance  monitors  behind  the  injector.  A 
structure  using  two  coupled  cavities  is  briefly  described. 

1.  Introduction 

For  the  alignment  of  the  quadrupoles  in  the  TESLA  Test 
Facility  (TTF)  beam  position  monitors  with  a  precision  of 
about  10  p m  are  required.  This  has  to  be  achieved  for  sev¬ 
eral  bunch  charges  ([1]).  The  monitors  will  be  attached  to 
the  quadrupoles  within  50pm  mechanical  alignment  pre¬ 
cision.  Because  of  the  desired  precision  and  the  limited 


name 

particles/bunch 

frequency 

bunch  separ. 

lb 

5  10s  ~ 

73  MHz 

14  ns 

2 

5  - 1010 

1  MHz 

1  ps 

Table  1:  Injectors  proposed  for  the  TTF  and  TESLA 


space  we  designed  a  TAfno-excited  circular  cavity.  The 
resonant  frequency  /no=21GHz  was  chosen  to  avoid  in¬ 
terferences  from  the  accelerating  cavities.  In  this  paper  we 
denote  ’resolution’  as  ’precision  limited  by  electromagnetic 
interference  and  circuit  noise’. 

Since  monitors  with  lower  impedances  might  be  required 
for  a  multibunch  Linear  Collider  it  is  also  foreseen  to  test 
other  structures  like  resonant  buttons  or  a  re-entrant  cav¬ 
ity  (see  also  [2])  behind  the  injector.  A  structure  using  two 
coupled  coaxial  cavities  is  briefly  described  here. 

2.  TMno-Excited  Circular  Cavity 

The  simplest  microwave  BPM-structure  is  a  circular  cavity 
excited  in  the  TMno-mode  by  an  off-axis  beam. 

Advantages 

*  the  TMu o-amplitude  yields  the  desired  signal  directly; 
it  is  stronger  than  the  signal  given  by  other  monitors 

*  the  cavity  can  be  machined  within  micrometer  tolerances 

*  the  structure  itself  does  the  subtraction  -  in  principle  no 


additional  combiners,  less  cable  drift  and  unbalances 

*  by  measuring  the  amplitude  of  the  fundamental  mode 
we  get  a  signal  proportional  to  the  bunch  charge 

Problems 

*  the  precision  is  limited  by  the  finite  Q  ([4]);  it  can  be 
increased  by  combining  two  symmetrical  outputs  in  a  hy¬ 
brid 

*  a  common  mode  rejection  of  more  than  120  dB  with  re¬ 
spect  to  the  TM\\ o  will  be  required  for  signal  detection 

*  an  appreciable  amount  of  power  (common  modes)  might 
be  extracted  from  the  beam  and  stored  in  the  cavity 

*  the  strong  signal  change  requires  a  very  wide  dynamic 
range  in  power  for  the  electronics;  special  problems  arise 
for  the  first  beam  or  in  the  case  of  a  beam  break-up 


2.1.  Estimated  Resolution 


The  resolution  of  such  a  cavity-BPM  is  limited  by: 

*  the  power  out,  signal  to  noise  ratio  (electronics). 

*  the  expected  signal  ratio  due  to  the  finite  Q-values. 


To  estimate  both  limits  we  need  the  maximum  voltage  of 
the  TM no  excited  by  a  beam  with  a  displacement  6X  ([3]) 


V7io  = 


7i(0)  «n  •  6X 

jmax  r 


Vmax  _ 

no  — 


■MQ)  qn  • 

jmax  r 


■  2?FnO 


(1) 


with  the  Bessel  function  J 1,  its  first  root  an,  the  cavity 
radius  r  and  the  longitudinal  lossfactor  ifcno  of  the  TMno 
excited  at  one  of  its  maxima. 


Expected  Power  in  the  Dipole  Mode 

The  power  in  the  TMno  extracted  from  the  beam  can  be 
estimated  using  impulse  excitation  of  an  equivalent  circuit 


P’no  = 


j^no 

4  •  fcno  Tp 


c2  SL  *110  (  aH  \2 
X  TP'  4  J™ax  •  r 


(2) 


Tp  is  the  time  for  the  power  to  decay,  q  the  bunch  charge. 
With  Jfcu o=w/4  •  (R/Q)no,  N  the  number  of  particles  per 
bunch  and  (1)  we  get 


Pno  =  6X2  ■  (Neu)2  • 


_ Zp  l  •  an _ 

4x  r3  Q£  (Man))3 


(3) 


With  Ql=2000,  /no=21GHz,  r=81mm,  length  l=44mm 
this  yields  for  N=5  ■  IO10 

=  (  — )2  •  1.31  10-16  TV2  «  3  3  10-7(— )2  (4) 

W  pm  pm 


0-7803-1203-  1/93S03.00® 1993  IEEE 
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With  numerical  results  (Table  2)  for  the  of  a  cavity  with  mode  adds  whereas  for  the  common  modes  it  subtracts, 
beam  pipes  and  assuming  a  coupling  factor  0=1  we  obtain  We  expect  a  symmetry  rejection  of  more  than  30  dB. 


Po*,  w  2  10-7W/(/im)2 

This  is  much  more  than  the  expected  thermal  noise  from 
the  first  stage  of  amplification  ( Pno„e  »  10-12W). 


length 

Mode 

Q 

— mr 

n 

vftc 

h 

TMoio 

1.66 

1901 

48.60 

0.127 

h 

TAfno 

2.12 

2537 

71.83 

0.237 

h 

TMoio 

1.55 

3989 

86.62 

0.209 

h 

TA/uo 

2.11 

5471 

100.70 

0.332 

geometry:  r=81mm  ,  a=39mm,  /i=20mm,  W 
material:  ring  -  Cu  ,  endplates  -  CrNi 

=44mm 

Table  2:  MAFIA-results  for  a  cavity  with  beam  pipes 


Excitation  of  Common  Modes 

W.  Schnell  ([3],  confirmed  in  [4])  estimated  the  voltage 
ratio  of  of  the  beam  driven  TAfno  and  TAfoio 

c.  _  Voio(woio)  _  5.4  t  koio  /ex 

1  “  V„0(«i,o)  ~  A„0  '  Jbuo  (5) 


For  the  spectral  densities  at  who  he  obtained 

c  _  voio(wno)  _  c  ^  ,,  w^,0 

= - 7 - r  £>i  ■  vi  10  •  (1 - j  ) 

uiiotwno)  w,10 


(6) 


Figure  1:  Cavity  and  coaxial  ring-combiner 


One  problem  is  to  avoid  standing  waves.  We  designed  a 
coupling  to  a  ridged  waveguide  via  a  slot  in  z-direction. 
However,  it  might  be  necessary  to  realize  a  stronger  cou¬ 
pling  with  a  selective  coupler. 

The  TMoio  will  be  used  as  a  reference  and  for  measur¬ 
ing  the  bunch  charge.  We  investigate  a  selective  coupler 
located  at  a  point  where  the  magnetic  field  of  the  TAfno 
(in  the  hybrid)  will  be  zero.  The  combiner  can  be  ma¬ 
chined  with  micrometre  tolerances,  too. 


Ano  is  the  wavelength,  Quo  the  Q-factor  of  the  TAfno- 
Including  numerical  results  we  obtain  6Z  «  30pm. 

With  a  symmetry-reduction  (combination  of  2  outputs 
by  a  hybrid)  we  can  get  another  30  dB,  which  is  limited 
by  the  finite  isolation  of  a  hybrid. 

2.2.  Design-study  for  the  TTF 

The  prototype  consists  of  the  cavity  itself  and  a  coaxial 
ring-combiner  to  reject  common  modes. 

TM110-cavity 

The  number  of  modes  trapped  in  the  cavity  should  be  as 
small  as  possible.  This  can  be  achieved  with  a  short  cavity 
and  shifting  the  resonant  frequency  of  the  T Afozo  above  the 
beam  pipe  cut-off.  The  resonant  frequency  /uo=2.1GHz 
was  chosen  to  avoid  interferences  from  the  accelerating  cav¬ 
ities  (stop-band:  1.9  GHz  -  2.38  GHz). 

Since  it  is  foreseen  to  measure  individual  bunches  with 
the  second  injector  Qi  has  to  be  less  than  2000.  Hence 
the  material  was  chosen  as  CrNi.  First  measurements  on  a 
brass  modell  confirmed  the  theoretical  resolution  of  10pm 
for  brass.  An  improvement  of  the  measurement  accuracy 
is  expected  with  a  new  experimental  set-up. 


2.3.  Signal-Detection 

We  plan  to  realize  two  different  schemes  and  to  compare 
some  parameters  (e.g.  resolution,  stability,  costs): 

a)  with  a  superheterodyne  receiver,  no  damping 
In  a  superheterodyne  receiver  the  frequencies  of  the  dipole 


Figure  2:  Signal  detection  using  a  heterodyne  receiver 


Ring-  Combiner 

Since  the  theoretical  resolution  for  our  design  is  limited 
by  the  common-mode  excitation  (see  results  above)  we  de¬ 
signed  a  ring-combiner  to  reject  these  modes  (Fig.l;  also 
(5)).  For  /no  =  2.1  GHz  the  magnetic  field  of  the  dipole 


mode  and  a  reference  (smaller  or  equal  the  dipol  mode 
frequency)  are  mixed  down  to  an  IF.  Due  to  the  difference 
between  both  frequencies  we  need  only  one  stage,  with  an 
LO  at  /to=Zua±ZiiiL,  But  the  very  high  dynamic  range 
required  for  the  mixers  causes  problems. 
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b)  with  selective  couplers  and  several  filters 
The  problem  mentioned  above  could  be  solved  with  a  fil¬ 
ter,  rejecting  all  other  modes  except  the  TMuo ■  At  the 
end  log-amplifiers  at  2.1GHz  will  be  used  to  get  the  desired 
dynamic  range.  A  possible  scheme  which  requires  several 
filters  to  get  more  or  less  than  120  dB  rejection  is  given  in 
Fig.3  (see  also  [6]). 


/-  jighi 


Figure  3:  Signal  detection  using  different  filters 


3.  Coupled  Zero-Mode  Monitor 

It  might  be  necessary  for  the  operation  of  a  multibunch 
Linear  Collider  to  use  monitors  with  a  lower  impedance. 
We  investigated  three  different  structures,  which  are  res¬ 
onant  to  get  the  desired  resolution.  Resonant  buttons,  a 
monitor  using  a  re-entrant  cavity  and  measurements  on 
prototypes  are  discussed  in  detail  in  [7].  Theoretically, 
with  resonant  buttons  one  can  get  a  resolution  of  10pm 
for  N=5  1010  ( Pnoi,t  *  10-,2W). 

In  another  arrangement  proposed  by  W.  Schnell  [3]  the 
signal  is  superimposed  as  a  modulation.  Two  identical  cav¬ 
ities  are  weakly  coupled  to  the  beam  by  coupling  slots.  If 
the  beam  passes  through  the  centre  both  cavities  start  os¬ 
cillating  at  equal  amplitudes  and  in  phase  with  each  other. 
The  oscillation  decreases  in  a  smooth  exponential.  If  the 
beam  is  displaced  to  the  right,  the  left  cavity  will  be  given 
less  energy  than  the  right.  A  modulation  by  /«  =  /o  -  /, 
(/o  is  the  zero-mode  and  f*  the  x-mode  frequency)  will 
be  superimposed  to  the  exponential  decay  of  the  output 
signal.  Its  amplitude  yields  the  beam  displacement,  while 
the  starting  phase  determins  the  sign. 

However,  the  originally  proposed  arrangement  is  compli¬ 
cated  and  not  very  favourable  for  machining  at  micrometre 
tolerances.  We  investigated  coaxial  cavities  as  shown  in 
Fig.4  and  estimated  the  coupling  between  a  coaxial  cav¬ 
ity  and  the  beam  to  get  the  power  in  the  desired  mode. 
For  our  design  and  51010  particles  per  bunch  we  expect  a 
resolution  of  about  12pm  (see  also  [7]). 

The  coupling  between  the  cavities  and  hence  the  modu¬ 
lation  frequency  has  been  increased  with  additional  slots  in 
the  common  walls  between  the  cavities.  The  whole  BPM 
consists  of  two  such  cavities  for  x-  and  y-direction,  respec¬ 
tively,  and  a  reference  cavity  to  get  the  starting  phase. 


Advantages 

*  simple  device,  can  be  machined  with  pin-tolerances 

*  the  coupling  to  the  beam  is  much  weaker  than  for  the 
TMi  10-cavity,  lower  Wakefields  even  with  high  Q-factors 

Problems 

*  /o  and  /»  are  much  closer  than  the  frequencies  in  the 
cavity  (using  (8)  we  can  estimate  the  spectral  densities) 

*  less  power  per  pm  displacement,  smaller  sensitivity 

*  impossible  to  measure  10pm  with  injector  lb 
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Abstract 

Design  calculations,  design  details,  and  fabrication  tech¬ 
niques  for  the  RHIC  BPM  Assemblies  are  discussed.  The  69 
nun  aperture  single  plane  detectors  are  23  cm  long  short-cir¬ 
cuited  SO  ohm  strip  transmission  lines  subtending  80  degrees. 
They  are  mounted  on  the  sextupole  end  of  the  Corrector-Qua- 
drupole-Sextupole  package  and  operate  at  liquid  helium  tem¬ 
perature.  The  69  cm  aperture  was  selected  to  be  the  same  as 
that  of  the  beampipe  in  the  CQS  package,  the  23  cm  length  is 
a  compromise  between  mechanical  stability  and  electrical  sen¬ 
sitivity  to  the  long  low-intensity  proton  and  heavy  ion  bunches 
to  be  found  in  RHIC  during  commissioning,  and  the  80  degree 
subtended  angle  maximizes  linear  aperture.  The  striplines  are 
aligned  after  brazing  to  maintain  elec trical-to- mechanical  cen¬ 
ters  within  0.1  mm  radius,  eliminating  the  need  for  individual 
calibration.  Because  the  cryogenic  feedthrus  isolate  the  UHV 
beam  vacuum  only  from  the  HV  insulating  vacuum,  and  do 
not  see  liquid  helium,  a  replaceable  mini-ConFlat  design  was 
chosen  to  simplify  fabrication,  calibration,  and  maintenance. 

I.  Performance  Requirements 

The  RHIC  Design  Manual  specifies  that  the  beam  posi¬ 
tion  measurement  be  accurate  within  130  microns  from  the 
center  of  the  sextupole  field  to  the  number  displayed  in  the 
control  room  (because  of  the  strong  chromaticity  correction  in 
RHIC  the  most  stringent  position  requirement  fa-  the  BPM  is 
relative  to  the  sextupole).  There  are  three  main  sources  of 
error  in  the  position  measurement.  First  are  errors  from  the 
center  of  the  sextupole  field  to  the  position  of  the  dowel  holes 
in  the  plate  upon  which  the  BPM  is  mounted.  Second  are 
errors  in  the  location  of  the  BPM  mechanical  center  (deter¬ 
mined  by  the  dowel  pins)  relative  to  the  BPM  electrical  cen¬ 
ter1  (determined  by  the  geometry  of  the  striplines).  And 
finally,  there  are  errors  in  the  electronics2.  These  errors  add  in 
quadrature,  which  suggests  that  error  from  each  source  should 
be  less  than  about  100  microns.  This  accuracy  in  the  position 
of  the  BPM  electrical  center  relative  to  the  mechanical  center 
is  easily  accomplished  using  the  bumping  alignment  tech¬ 
nique  described  in  Section  IB. 

II.  Design  Details  and  Fabrication  Techniques 

A  typical  RHIC  Beam  Position  Monitor  is  shown  in  Fig¬ 
ure  1.  The  non -directional  shorted  stripline  design  minimizes 
vacuum  penetrations,  and  adapts  well  to  economical  fabrica¬ 
tion  and  alignment  techniques. 

*  Work  supported  by  the  U.S.  Department  of  Energy 


A.  Brazement 

The  brazement  is  constructed  of  type  316L  stainless  steel, 
which  is  copper  brazed  in  a  hydrogen  furnace.  Because  die 
brazing  temperature  is  above  the  annealing  temperature  for 
316L,  the  mini-ConFlat  flanges,  the  buffer  volume  bellows, 
and  the  tailpiece  bellows  are  welded  on  after  brazing.  The 
mini-ConFlat  flanges  are  TIG  welded.  The  buffer  volume  and 
tailpiece  bellows  are  EB  welded  to  minimize  thermal  distor¬ 
tion. 

The  flange  is  machined  from  a  316L  forging  to  eliminate 
the  possibility  of  piping  from  the  liquid  helium  buffer  volume 
to  the  beam  vacuum.  Two  alignment  pins  are  pressed  into  die 
flange,  and  one  of  the  two  pins  is  a  diamond  pin  to  eliminate 
over-constraint. 

The  striplines  are  wire  EDM  cut  from  seamless  316Ltube 
redrawn  to  size  inside  and  out  The  redrawing  operation  deliv¬ 
ers  a  tube  accurate  enough  to  require  machining  on  the  circum¬ 
ference  only  at  the  braze  joint,  where  tolerances  are  closely 
controlled  to  maintain  between  13  and  38  microns  radial  clear¬ 
ance.  A  groove  is  machined  in  the  stripline  adjacent  to  die 
braze  joint  to  concentrate  stresses  and  localize  yielding  during 
the  alignment  bumping  procedure.  ANSYS  3D  plastic  analysis 
of  this  region  is  in  progress.  Stripline  impedance  was  calcu¬ 
lated  to  be  50  ohms  using  PE2D,  ANSYS,  HFSS,  and  EMAS. 

The  housing  is  progressively  drawn  to  shape  from  316L 
welded  tubing.  Again,  the  drawing  operation  delivers  a  part 
accurate  enough  to  require  circumferential  machining  only  at 
the  braze  joint.  The  material  thickness  was  selected  to  satisfy 
the  ASME  Boiler  Code. 

The  buffer  volume  bellows  mechanically  isolates  the 
BPM  from  displacements  of  the  buffer  volume  during  the  1 .9 
MPascal  (275  psi)  quench.  Performance  of  this  bellows  during 
quench  was  analyzed  using  a  program  written3  specifically  for 
bellows  analysis.  Several  different  geometries  were  ANSYS 
analyzed  in  this  region  before  settling  on  the  bellows. 

Despite  precise  fixturing  and  good  attention  to  welding 
technique,  it  has  not  been  possible  to  maintain  satisfactory 
alignment  when  accomplishing  the  BPM-to-beampipe  weld. 
The  beampipe  has  a  3  m  long  lever  arm  on  the  BPM.  The  con¬ 
volutions  in  the  tailpiece  region  provide  a  hinge  which  pre¬ 
vents  the  generation  of  excessive  stresses  and  the  resulting 
distortion.  The  annular  space  between  the  two  bellows  is 
ported  to  the  insulating  vacuum.  The  outer  bellows  is  required 
by  a  RHIC  design  specification  that  insulating  vacuum  be 
interposed  between  beam  vacuum  and  liquid  helium  at  all 
welds.  Both  bellows  are  designed3  to  resist  quench  pressure. 


0-7803-1203- 1/93S03.0001993  IEEE 


2328 


Figure  1.  Typical  BPM  showing  surrounding  Buffer  Volume  and  adjacent  CQS  Assembly 


B.  Contacts 

The  contact  and  feedthru  geometry  is  shown  in  Figure  2. 
The  bellows  spring  portion  of  the  contact  is  gold  plated  elec- 
trodeposited  sulfur  free  nickel,  which  is  EB  or  laser  welded  to 
the  stainless  steel  post.  The  spring  rate  of  the  bellows  is  12.S 
Ib/in,  the  maximum  compression  is  1.8  mm,  the  working  com¬ 
pression  is  1  mm,  and  the  contact  force  is  2.5  N  (9  ounces). 
The  maximum  operating  temperature  is  limited  to  180  C  by 
annealing  of  the  nickel.  While  the  impedance  match  to  the 
feedthru  is  the  responsibility  of  the  manufacturer,  some  mod¬ 
elling  was  done  using  HFSS. 

C.  Feedthrus 

The  feedthru  is  incorporated  into  a  mini-ConFlat  pack¬ 
age.  Ttoo  different  feedthru  designs  are  being  evaluated.  The 
more  conservative  conventional  design  uses  ceramic  dielectric 
metallized  and  brazed  to  a  thin  kovar  strain  relief  which  is 
welded  to  the  stainless  steel  flange.  This  design  is  relatively 
complicated  and  expensive,  but  is  a  proven  performer.  The 
newer  design  uses  lithium  silicate  glass  dielectric  which  is 
doped  to  match  the  expansion  coefficient  to  stainless  steel,  and 
a  glass-to-metal  seal.  This  design  is  more  simple  and  econom¬ 
ical  and  has  better  RF  properties,  but  has  not  yet  been  used  in 
a  major  accelerator. 

A  total  of  50  prototype  feedthrus  were  purchased  from 
four  vendors,  equally  split  between  ceramic  and  glass  dielec¬ 
tric.  VSWR  and  S  parameters  were  measured,  in  good  agree¬ 
ment  with  HFSS  calculations.  Based  upon  these 
measurements  and  calculations,  the  specification  for  the  pro¬ 
duction  feedthru  requires  VSWR  of  less  than  1 . 1  from  DC 


through  3  GHz.  Reliability  of  the  SMA  connector  was  poor  in 
some  of  the  feedthrus,  in  some  instances  because  the  contact 
spring  material  appeared  to  have  been  annealed  during  manu¬ 
facture,  and  in  others  because  of  poor  contact  geometry.  Reli¬ 
ability  of  this  connector  will  receive  close  attention  during 
acceptance  testing  of  the  production  feedthrus. 

All  of  the  prototype  feedthrus  were  cryogenically  tested 
by  direct  immersion  in  liquid  nitrogen,  followed  by  wanning  to 
room  temperature  in  ambient  air.  Leak  tightness  was  monitored 
throughout  the  cycle,  and  this  cycle  was  repeated  five  times.  No 
failures  of  the  dielectric-to-metal  bond  were  observed  with 
either  glass  or  ceramic.  This  thermal  cycling  will  be  part  of  the 
acceptance  testing  for  all  production  feedthrus. 


Figure  2.  Contact  and  Feedthru  Geometry 
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D.  Cables 

The  cables  must  be  radiation  resistant,  mechanically 
flexible,  cryogenically  compatible,  have  low  heat  leak  and 
VSWR,  and  most  important,  have  good  electrical  stability.  In 
addition  to  minimal  as-manufactured  variations,  the  cable 
must  be  electrically  stable  when  subjected  to  the  above  men¬ 
tioned  radiation,  flexing,  and  temperature  gradients.  Dielec¬ 
tric  materials  under  consideration  include  silicon  dioxide, 
magnesium  oxide,  ultem(polyimide),  siltem,  and  tefzel.  Sili¬ 
con  dioxide  cables  have  been  tested,  and  seem  satisfactory. 
An  experiment4  to  measure  the  radiation  damage  character¬ 
istics  of  PEEK  at  liquid  helium  temperatures  resulted  in  a 
violent  explosion  after  a  dose  of  about  O.S  gigarad.  While 
this  dose  is  much  higher  than  any  expected  in  accelerator 
operations,  we  are  not  presently  actively  pursuing  this  mate¬ 
rial. 

HI.  Testing  of  the  Assembly 

A.  Calibration  of  the  BPM 

A  block  diagram  of  the  mapping  system  is  shown  in 
Figure  3.  Lab  VIEW  software  running  on  the  Macintosh 
computer  controls  the  NuLogic  stepping  motor  controller 
and  the  network  analyzer.  The  position  of  the  signal  wire  is 
initially  established  with  a  precision  fixture  aligned  by  the 
dowel  holes  on  the  mounting  plate.  The  positions  of  the  wire 
when  it  makes  electrical  contact  with  the  fixture  alignment 
points  are  recorded,  then  the  fixture  is  rotated  180  degrees 
and  the  results  of  the  two  measurements  are  averaged.  Using 
this  method  it  is  possible  to  position  the  wire  with  an  accu¬ 
racy  of  about  25  microns. 


The  alignment  fixture  is  then  replaced  by  the  BPM,  and 
the  position  of  the  electrical  cento'  of  the  BPM  is  measured  rel¬ 
ative  to  the  mechanical  center.  The  measured  transfer  function 
is  about  0.7  dB/mm.  The  appropriate  feedthru  is  then  removed 
and  replaced  with  an  assembly  consisting  of  a  micrometer 
welded  into  a  mini-ConFlat  flange.  The  micrometer  is  cranked 
in  to  yield  the  stripline.  Yielding  begins  at  about  2  mm  deflec¬ 
tion.  After  bumping  the  feedthru  is  replaced  and  the  position  of 
the  electrical  center  is  remeasured.  If  necessary,  the  bumping 
procedure  is  repeated.  Using  this  method  the  required  0.1  mm 
position  tolerance  is  easily  attained. 

B.  Thermocycling 

Using  a  test  setup  similar  to  that  shown  in  Figure  3,  a 
prototype  BPM  was  thermally  cycled  from  room  temperature 
to  liquid  nitrogen  temperature  and  back  to  room  temperature. 
Measurement  of  the  impedance  of  the  striplines  indicates  that 
movement  of  the  striplines  relative  to  the  housing  was  less  than 
25  microns.  This  measurement  will  be  repeated  with  a  produc¬ 
tion  BPM  both  at  liquid  nitrogen  and  at  liquid  helium  tempera¬ 
tures. 

IV.  Conclusions 

A  simple,  robust,  accurate,  and  economical  design  fra-  a 
cryogenic  BPM  has  been  developed.  The  possibility  of  making 
yet  further  gains  in  accuracy  with  improved  survey  techniques 
is  under  active  investigation. 
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I.  INTRODUCTION 

The  MIT-Bates  South  Hall  Ring  (SHR)  Is 
an  electron  storage  ring  currently  being 
commissioned.  It  is  designed  to  operate  at 
an  rf  frequency  of  2856MHz  with  all  the  1812 
buckets  filled  and  a  circulating  current  of 
80mA  or  greater.  This  leads  to  a  small 
charge  per  bunch  and  the  requirement  for 
sensitive  Beam  Position  Monitors  (BPM). 
Since  there  will  be  31  BPMs  in  the  vacuum 
system,  it  is  important  to  suppress  trapped 
modes  which  may  excite  coupled  bunch 
instabilities  [1].  The  stripline  BPM  built 
for  the  SHR  is  a  stainless  steel  structure, 
designed  to  be  manufactured  using  standard 
machining  techniques  and  commercial  feed¬ 
throughs.  With  proper  50  Ohm  matching  and 
a  geometry  derived  by  insight  from  MAFIA 
calculations  the  BPM  was  constructed  having 
a  nearly  flat  rf  response  up  through  10  GHz 
over  the  range  of  measurement .  The  strl  pi  i  ne 
electronics  allows  the  measurements  within 
0.1mm  resolution,  maintains  orbital  har¬ 
monics  information  past  the  10th  harmonic, 
and  operates  over  a  dynamic  range  of  lma  to 
greater  than  80ma  of  beam  current. 

II.  COUPLING  IMPEDANCE  CALCULA¬ 
TIONS 

Any  device  present  in  the  ring  may  have 
unwanted  resonant  modes,  which  could  lead 
to  coupled  bunch  instabilities.  This  is 
particularly  true  for  the  SHR,  since  all 
1812  of  the  2856  MHz  rf  buckets  contain 
electron.  In  an  effort  to  minimize  the 
possibility  of  the  stripline  monitors 
causing  a  harmful  coupled  bunch  mode,  a 
detailed  numerical  study  of  the  resonant 
modes  of  the  monitors  was  made  using  the 
MAFIA  family  of  programs  [2]. 

Figure  1  shows  a  sample  result  from  a 
MAFIA  stripline  calculation.  From  such 
calculations,  the  frequency,  shunt 
impedance  and  quality  factor  of  each 
resonant  mode  were  found.  By  studying  the 
dependance  of  these  parameters  on  the 
stripline  design,  it  was  possible  to  select 
an  optimum  design.  The  width  and  height  of 


the  metal  filling  the  spaces  between  the 
strips  were  varied,  as  was  the  size  of  the 
gap  between  the  ends  of  the  strips  and  the 
beam  pipe.  In  all  cases,  the  inner  radius 
of  the  strips  was  equal  to  that  of  the  beam 
pipe.  The  space  between  the  strips  and  the 
outer  wall  of  the  monitor  was  adjusted  to 
maintain  50  Ohm  impedance. 


Figure  1.  Cross  section  of  a  stripline  monitor.  Only  one 
quarter  of  the  monitor  is  shown.  The  arrows  indicate  the 
strength  and  direction  of  the  electric  field  for  the 
particular  resonant  mode  shown. 

The  MAFIA  calculations  did  not  take  into 
account  the  fact  that  the  strips  were 
terminated  in  50  Ohms.  This  termination 
significantly  altered  the  characteristics 
of  many  of  the  resonant  modes.  Nonetheless, 
the  MAFIA  calculations  provided  valuable 
guidance  in  the  design  of  the  monitors.  We 
found  that  the  best  design  had  the  wells 
between  adjacent  strips  filled  with  metal, 
and  had  a  small  gap  from  the  strip  ends  to 
the  beam  pipe.  In  the  final  design  however, 
a  compromise  must  be  reached  between  the 
mode  spectrum  of  the  monitor,  and  its 
sensitivity. 

III.  Mechanical  Design 

The  mechanical  design  of  the  stripline 
was  chosen  to  ensure  that  the  electrical 
center  was  close  to  the  mechanical  center, 


2331 


operate  in  Ultra  High  Vacuum,  minimize 
Higher  Order  Mode  losses,  and  have  a  minimum 
insertion  length.  The  stripline  monitor  is 
made  of  four  approximately  1/4  X.  (24.7mm) 
long.  The  length  of  the  strip  is  designed 
for  the  2856MHz  fundamental .  Each  of  the 
strips  subtends  42°  of  the  60  mm  aperture. 
Each  strip  sits  in  a  pocket  spaced  3°  away 
on  from  a  solid  spacer  on  either  side.  The 
strips  ends  are  chamfered  at  45°  and  the  pin 
connectors  are  angled  at  45°  for  impedance 
matching.  Longitudinally,  there  is  a  2mm 
space  from  the  end  of  the  strip  to  the  body. 
Figure  2  shows  a  photo  of  the  stripline  unit 
and  Figure  3  shows  a  design  schematic 
drawing. 


Figure  2.  Photo  of  stripline  8PM. 


The  body  is  made  by  conventional  machining 
methods  from  a  3.25"  by  0.75"  wall  stabilized 
316L  seamless  stainless  steel  tubing.  After 
machining  and  cleaning,  it  is  TIG  welded  and 
leak  checked.  The  connectors  are  not 
demountable  and  are  welded  into  the  strips 
and  body.  Replacement  requires  machining. 
By  the  use  of  close  tolerances  and  centering 
on  machined  surfaces,  the  electrical  centers 
are  reproducible  within  ±  0.025mm.  These 
tolerances  were  checked  after  welding.  The 
stripline  monitors  reach  pressures  of 
5x10' 1(5  torr  unbaked.  They  are  designed  to 
be  baked  to  150°C. 


The  transmission  core  coefficient  [S21] 
was  measured  for  a  pulse  transmitted  through 
the  BPM  on  a  bead  loaded  50  O  coaxial  line, 
coefficient  approximates  the  longitudinal 
coupling  impedance  of  the  device  undergoing 
such  tests.  The  measurement  was  performed 
using  a  network  analyzer  HP-8510  to  obtain 
data  in  the  frequency  domain,  which  were  FFT 
transformed  to  determine  the  two  port 
S-parameters  of  the  BPM.  Tapered  input  and 
output  sections  with  level  response  over  a 
10  GHz  frequency  range  were  designed  and 
employed  to  minimize  reflections  at  the  BPM 
ports.  Measurements  were  made  with  and 
without  the  transition  section,  higher  order 
mode  damper  spacer  inserts,  and  with  and 
without  a  50  n  output  load  line.  Some 
results  are  shown  in  figure  4. 

To  investigate  the  impedance  matching  of  the 
junctions  of  the  feed-through  and  the 
stripline,  time  domain  measurements  were 
conducted  using  the  network  analyzer 
including  the  TOR  option. 


The  Signal  processing  of  the  transducer 
signals  is  conducted  in  two  stages,  RF 
processing  at  2856  MHz  and  an  IF  stage  at 
50  MHz.  The  RF  stage  consists  of  feeding 
the  outputs  of  opposite  strips  into  a  90° 
hybrid  where  the  amplitude  information  is 
converted  into  phase  information.  As  long 
as  the  difference  in  electrical  lengths  of 
the  cables  feeding  the  hybrids  are  small, 
no  significant  errors  are  introduced.  The 
output  of  the  hybrids  goes  through  a  phase 
matching  section  and  possibly  a  circulator 
or  attenuator,  then  into  a  mixer  section, 
heterodyning  the  signals  to  50  MHz.  These 


V.  Stripline  BPM  Electronics 


IV.  Impedance  Measurements 
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signals  are  sunned  with  the  other  two  strips 
to  get  a  signal  proportional  to  the  beam 
current .  The  phase  detector  has  an  ampl  1  f  1  er 
and  analog  multiplier,  then  a  gain  con¬ 
verting  amplifier  and  line  driver.  These 
signals  are  then  digitized  by  a  flash  ADC 
converter  for  signal  processing.  The 
bandwidth  of  the  IF  signal  processing  stage 
Is  15  MHz. 

Couplg.  Imped,  of  New  Version  of  StripLine  BPM 
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Figure  4.  Stripline  BPM  Impedance  measurements  with  and 
without  spacer  Insert. 

Calculations  and  measurements  of  noise 
levels  show  that  the  signal  to  noise  ratio 
is  high  enough  to  get  the  .1mm  resolution 
at  lma  of  beam  current.  There  are  some 
problems  with  mismatches  in  the  RF  section, 
causing  reflections  which  can  introduce  a 
large  offsets  in  the  output.  Solutions  to 
this  problem  will  be  the  addition  of 
attenuators  or  preferably  circulators  after 
the  hybrids  to  kill  the  reflections. 


V.  Operation 

Tests  with  beam  have  been  conducted  both 
In  the  beam  switchyard  beam  line  and  the 
SHR.  Figure  5  shows  the  beam  position  at 
a  location  in  the  SHR  for  several  turns. 
The  figure  shows  the  beam  current  and  beam 
position  with  betatron  oscillation 
resulting  from  the  beam  trajectory  being 
different  from  that  of  the  closed  orbit. 
(That  is  also  the  reason  for  the  decreasing 
current.)  At  about  0.5mA  the  signal 
disappears.  Measurements  to  40  mA  have  been 
made  with  good  results.  The  gains  of  the 
monitor  electronics  differ  by  as  much  as  5% 
from  BPM  to  BPM,  however  they  are  measured 
and  recorded  in  the  computer  data  acqui¬ 
sition  system.  The  BPMs  and  ancillary 
systems  are  designed  for  data  acquisition 
in  several  modes  [3]. 


Figure  5.  Beam  Position  Output  from  Stripline  BPM. 
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Abstract 

Beam  position  measurement  systems  have  been  installed 
on  the  Advanced  Free  Electron  Laser  (AFEL)  facility  at  Los 
Alamos  National  Laboratory  [1].  The  position  measurement 
uses  a  capacitive-  or  button-style  probe  that  differentiates  the 
beam-bunch  charge  distribution  induced  on  each  of  the  four 
probe  lobes.  These  induced  signals  are  fed  to  amplitude-to- 
phase  processing  electronics  that  provide  output  signals 
proportional  to  the  arc  tangent  of  the  probe's  opposite-lobe, 
signal-voltage  ratios.  An  associated  computer  system  then 
digitizes  and  linearizes  these  processed  signals  based  on 
theoretical  models  and  measured  responses.  This  paper  will 
review  the  processing  electronics  and  capacitive  probe 
responses  by  deriving  simple  theoretical  models  and 
comparing  these  models  to  actual  measured  responses. 

I.  INTRODUCTION 

The  goal  of  the  AFEL  was  to  demonstrate  that  a  free 
electron  laser  (FEL)  suitable  for  industrial,  medical,  and 
research  application  can  be  built.  This  goal  has  been 
achieved  by  accelerating  an  electron  beam  to  20  MeV  with  a 
bunching  frequency  of  108.3  MHz  and  transporting  the  beam 
into  and  out  of  a  FEL.  To  have  sufficient  lasing  efficiency 
from  this  wiggler-based  laser,  the  electron  beam  position  and 
trajectory  angle  must  be  known  at  the  entrance  and  exit  of  the 
wiggler  with  resolutions  and  accuracies  of  a  few  tenths  of  a 
percent  and  a  few  percent  of  the  beam  pipe  radius, 
respectively.  Also,  this  beam  position  information  must  be 
known  over  as  few  microbunches  as  possible  while 
maintaining  at  least  a  factor  of  ten  in  beam  current  dynamic 
range.  To  attain  these  measurement  goals,  the  preferred 
measurement  system  choice  was  an  integrated  beam-position 
measurement  system  similar  to  those  implemented  on  the 
Ground  Test  Accelerator  (GTA)  [2].  The  AFEL  beam 
position  and  intensity  measurements  consist  of  three  basic 
components:  a  capacitive-  or  button-style  probe,  an 
amplitude-to-phase  position  processor,  and  associated 
linearization  algorithms  that  reside  in  the  control  system. 

Table  1 

Specification  of  the  AFEL  Position  and  Intensity  measurements 


Measurement  Range 

Dynamic  Range  (nC/bunch) 

Resolution 

Accuracy 

Bandwidth  (MHz) 


Position 

Intensity 

±  10  mm 

460  to  1  Apk 

4.6  to  0.01 

4.6  to  0.01 

±25  pm 

-1  Apk 

±  0.25  mm 

-  *0  Apk 

3.5 

3.5 

•Work  supported  by  the  US  Department  of  Energy,  Office  of 
High  Energy  and  Nuclear  Physics. 


Table  1  describes  the  specifications  for  the  beam  position  and 
intensity  measurement  systems. 

0.  MEASUREMENT  SYSTEM  DESCRIPTION 

Figure  1  shows  a  picture  of  the  capacitive-style  beam- 
position  monitor  (BPM)  installed  on  the  AFEL  beamline. 
Each  probe  consists  of  four  rectangular  metal  lobes  whose 
dimensions  are  defined  by  the  subtended  lobe  angle  of  45° 
and  a  3.2  mm  length.  The  probe  clear  aperture  is  2.34  cm 
with  a  lobe  aperture  of  2.54  cm.  Alignment  of  the  probe 
assembly  with  the  accelerator  beamline  is  achieved  by  using 
the  four  bosses  located  on  the  upstream  probe  vacuum  flange 
(see  Figure  1).  These  bosses  are  used  in  both  a  beamline 
alignment  process  and  a  probe  taut-wire  characterization 
fixture  to  find  the  absolute  offsets  and  sensitivities  to  beam 
position.  This  alignment  and  probe  characterization 
procedure  provides  sufficient  information  to  make  absolute 
beam  position  measurements  to  the  nearest  ±  0.25  mm. 


Figure  1.  The  AFEL  capacitive  probe  shown  with  its 
alignment  stand  and  an  associated  coaxial  transmission  line. 

The  signal  power  from  each  lobe  is  calculated  by  assuming 
that  the  Gaussian-distributed  beam  image  charge  on  each 
probe  lobe  is 


p(z.O 


gp  eN 


e 


{Pct-z)2 
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where  p(zj)  is  the  beam  charge  distribution,  eN  is  the  total 
charge  per  bunch,  8q'is  the  subtended  angle  of  the  probe  lobe, 
a  is  the  bunch  length,  and  fie  is  the  beam  velocity.  The  beam 
image  current  induced  on  each  of  the  probe  lobes.  Equation 
(2),  is  the  integral  of  p(zj)  in  the  z-dimension  and  the  time 
derivative  where  x  is  the  rms  temporal  bunch  length. 


r2  ( t-Llpc )2 


(linear  portion  of  a  probe)  and  <  ±4%  accurate  beam-position 
measurements  from  30%  to  80%  of  the  probe  radius  [5]. 

The  position  processor  consists  of  an  amplitude-to-phase 
converter  followed  by  a  phase-detection  circuit  [2],  [6].  The 
amplitude-to-phase  technique  converts  an  input  two-port 
amplitude  ratio  to  a  phase  difference  between  output  ports 
using  vectoral  processing  techniques.  This  phase  difference 
is  then  detected  with  a  double  balanced  mixer.  The  low 
frequency  output  of  the  double  balanced  mixer  is  a  voltage 
that  is  a  function  of  the  input  signal  power  ratios.  The 
transfer  function  describing  the  position  processor  is 


and  L  is  the  length  of  the  lobe.  The  beam-induced  output  Vgp(t)  =  *GArf 

f  *x(0) 

tan  1 

10  20 

n 

voltage,  Vp (jw),  at  the  input  to  the  processing  electronics  is  n 

4 
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where  Cp  is  the  probe  capacitance,  Zc  is  the  characteristic 
impedance  of  the  transmission  line  and  the  input  impedance 
of  the  processing  electronics,  and  s  is  the  cable  attenuation[3]. 
The  Io  and  Ij  terms  are  the  zero-  and  first-order  Bessel 
functions  that  describe  the  low-beam-velocity  effects  of  the 
beam  image-current  longitudinal  distribution  caused  by  the 
probe  radius,  R,  and  the  diffuse  beam  radius,  r,  respectively 

[41. 


The  measured  beam-position  and  taut-wire  probe 
characterization  is  the  logarithmic  ratio  (in  dB)  of  the 
opposite  lobe  signal  amplitudes  and  may  be  expressed  as 


tfx(i)=201og 
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where  Rx(t)  is  the  ratio  of  the  signal  amplitudes  of  opposing 
lobes,  and  ro  and  4>  are  the  polar  coordinates  of  the  beam 
position  [5].  For  an  "ideal"  probe,  Equation  (4)  and  its 
inverse  may  be  reduced  with  minimal  loss  of  information  to 
include  only  offsets,  first-,  and  third-order  coefficients.  This 
simplification  yields  a  probe/beam  position  inverse  transfer 
function  of 


where  Vpp(t)  is  the  output  voltage,  G  is  the  output  amplifier 
gain,  and  Arf  is  the  peak  voltage  driving  the  double  balance 
mixer  [6].  Figure  2  shows  the  Equation  (6)-based  least- 
squares  fit  to  the  measured  values  of  an  AFEL  position 
processor.  There  is  a  3%  difference  between  the  fitted 
equation  and  measured  data  when  the  measured  values  for  the 
processor  constants,  G  and  Arf  were  substituted  into  the  fit 


variable. 


4GAr/ 
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Figure  2.  Measured  data  versus  calculated  theory  [i.e.,  a  least 
squares  fit  to  Equation  (6)]  of  the  beam-position  processor- 
transfer  function. 

The  beam  intensity  measurement  system  processes  the 
summation  of  the  four  lobe  signals.  It  does  this  by 
synchronously  detecting  these  summed  signals  with  a  double 
balanced  mixer  operating  as  a  full-wave  detector.  The 
intensity  transfer  function,  V /(r) ,  is 


x(r)=xO+Sx/?Jt(r)+5;t3^33(r)+5jty2^(^y22(0.  (5) 


V,(t)  =  GiG0^iB(t) 
It 


(7) 


The  5  or  "sensitivity"  terms  in  Equation  (5)  are  calculated 
based  on  two-dimensional,  third-order  polynomial  least 
squares  fit  to  the  measured  characterization-map  BPM  data. 
This  characterization-based  model  provides  <±  1  %  accurate 
beam-position  measurement  inside  30%  of  the  probe  radius 


where  i'g(r)  is  the  average  beam  current  during  the 
macropulse,  G0  is  the  output  amplifier  gain  term,  and  G,  is 
the  input  transconductance  gain  term  that  converts  the 
electron  beam  current  to  the  peak  RF  input  voltage  to  the 
double  balanced  mixer  [7], 
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The  control  system  algorithms  use  the  inversion  of 
Equation  (6), 

Rx{t)  =  20  log  tanf f  ]|  ,  (8) 

l  4  GArf  4  J 

and  the  probe  inverse  transfer  function  [Equation  (S)]  for 
beam  position,  and  the  inversion  of  Equation  (7)  for  beam 
intensity  [8]. 

III.  BEAM  TEST  RESULTS 

Two  beam  tests  were  conducted  to  verify  the  operation  of 
the  beam  position  and  intensity  measurement  system.  The 
first  test  was  the  measurement  of  the  capacitive-probe 
frequency  response  using  the  AFEL  bunched  beam.  The 
second  test  was  a  position  measurement  test  comparing  the 
beam  positions  measured  by  the  BPM  system  and  an  optical 
transition  radiation  (OTR)  profile  monitor  [1]. 

The  signal  power  model  from  Equation  (3)  was  calculated 
based  on  the  actual  geometries  of  the  AFEL  BPMs.  These 
calculated  data  were  then  compared  to  a  set  of  acquired  data 
(Figure  3)  based  on  an  independently  measured  bunch  length 
and  beam  current.  There  is  very  good  agreement  between  the 
probe  model  and  measured  data  up  to  approximately  2  GHz. 
Past  these  frequencies,  it  is  likely  this  simple  model  [Equation 
(3)]  does  not  accurately  describe  the  beam/probe  interaction. 


100  1000  10000 
Fraquancy  (MHz) 


Figure  3.  These  signal-power  data  are  the  average  of  the  top 
and  bottom  lobes'  signal  powers  as  a  function  of  frequency 
from  a  centered  electron  beam.  The  theoretical  model  is  the 
calculated  signal  power  based  on  Equation  (3). 

The  beam  position  data  were  acquired  by  steering  the  beam  in 
both  axes  with  a  dipole  magnet  upstream  of  the  OTR  viewing 
screen  and  BPM.  The  beam  positions  were  then  acquired 
simultaneously  with  the  BPM  system  and  the  OTR  screen. 
Figure  4  shows  the  comparison  between  the  OTR-  and  BPM- 
acquired  data.  There  is  good  agreement  between  the  two 
measurements  in  both  axes,  as  can  be  seen  by  the  0.02%  and 
3.1%  gain-term  errors  and  the  -0.164  and  0.245  mm  offset 
errors.  The  larger  vertical  axis  offset-  and  gain-term  errors 
are  most  likely  caused  by  the  inaccurate  angular  alignment  of 
the  OTR  view  screen  with  respect  to  the  vertical  axis. 


_3  rvr  ..  i  ....  i  ....  i  ....  i  ....  i  u  i-iJ 

-3-2-101  23 


“  OTR  Reported  Position  (mm) 

Figure  4.  Horizontal  and  vertical  beam  position  data  show 
correlations  between  OTR  and  BPM  data.  The  equations  are 
least  squares  fit  to  these  data  and  "RA2"  are  values. 

IV.  CONCLUSION 

A  series  of  beam-position  and  intensity-measurement 
systems  were  installed  and  commissioned  on  the  AFEL 
beamline.  Analytic  theoretical  transfer  functions  for  each 
system  component  were  derived,  calculated,  and  measured. 
There  was  good  agreement  between  the  theoretical 
component  functions  and  measured  system  data.  Also,  beam 
data  were  taken  and  shown  to  agree  with  the  measurement 
system  models  for  change  in  both  beam  current  and  beam 
position.  These  systems  are  now  operational  and  are 
providing  valuable  information  to  the  AFEL  researchers. 
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Abstract 

Described  in  this  paper  are  the  design  and  calibration  of  button-type 
pickup-electrodes,  which  have  been  incorporated  in  the  beam  position 
monitoring  system  (BPM  system)  at  SOR-RING.  The  BPM  system  that 
has  been  developed  as  an  R&D  for  a  third-generation  VUV  synchrotron 
light  source  is  aimed  at  testing  the  key  components  of  the  system,  PIN 
diode  switches.  This  system  is  also  aimed  at  measuring  the  beam  position 
of  SOR-RING  and  correcting  it.  In  addition,  briefly  described  in  the  paper 
are  ion-clearing  electrodes  installed  in  the  ring. 

1.  Introduction 

A  system  of  beam  position  monitors  (BPM's)  using  PIN  diode 
switches  was  installed  in  the  SOR-RING  of  ISSP.  Tokyo  University  [lj. 
Using  this  BPM  system,  the  closed  orbit  was  measured  and  then  corrected 
for  the  first  time  since  the  ring  construction  had  been  completed  in  1974 
(21. 

The  system  includes  four  BPM's  fixed  on  newly  fabricated  vacuum 
chambers  for  quadrupole  triplets  (see  Ref.  [2])  and  each  BPM  consists  of 
four  pickup-electrodes  of  a  button  type.  Calibration  measurement  of 
BPM's  was  made  on  a  test  bench  of  the  Photon  Factory  [3]  and  also  with  a 
method  of  S -parameters  [4],  Using  a  method  of  BEM  (Boundary  Element 
Method)  [5],  we  calculated  the  response  of  a  BPM  to  electric  field  induced 
by  the  beam  and  also  compared  it  with  the  measured  result. 

In  addition,  we  designed  ion-clearing  electrodes  and  incorporated  them 
into  new  vacuum  chambers.  The  beam  lifetime  was  found  to  increase  by  a 
factor  of  two  when  a  few  KV  was  applied  to  the  ion-clearing  electrodes  [3}. 
However,  the  electrode's  effect  on  the  beam  is  not  studied  in  detail. 

2.  Design  and  Fabrication 

A  Pick-up  Electrode 

We  first  designed  two  types  of  test  BPM’s  with  short  chambers:  one  is 
a  cylindrical  type  (C-type  BPM)  and  the  other  is  the  same  type  as  the 
BPM’s  installed  in  SOR-RING  (SOR-type  BPM).  The  button  diameter  of 
20  mm  was  chosen  so  as  to  fit  the  narrow  vacuum  chamber  of  SOR-RING. 
The  diameter  is  much  smaller  than  10  cm,  the  rms  bunch  length  of  SOR- 
RING.  At  the  RF  frequency  of  120  MHz  the  response  of  BPM  is  almost 
independent  of  the  bunch  length.  A  pick-up  electrode  consists  of  a 
vacuum  feedthrough  and  a  button.  We  chose  the  N-type  as  the  vacuum 
feedthrough  because  of  its  robust  connection.  The  tip  of  central  conductor 
in  the  feedthrough  was  specially  designed  to  have  a  small  washer,  to 
which  the  button  was  precisely  welded.  In  order  to  mount  the  pick-up 
electrodes  flush  with  the  inside  wall  of  a  stainless  steel  block  of  BPM.  a 
short  piece  of  a  ring  shape  was  attached  to  the  feedthrough's  outer 
conductor  by  welding.  The  stainless  steel  block  precisely  machined  to 
house  the  electrodes  was  in  turn  welded  to  the  vacuum  chamber.  Figure  1 
shows  the  cross-sectional  views  of  both  types  of  BPM's.  The  BPM's 
actually  installed  in  SOR-RING  were  made  almost  in  the  same  way  as  the 
test  BPM's. 

B.  Selection  of  Feedthrough 

We  measured  the  capacitances  of  all  feedthroughs  with  a  LCR-meter 
and  arranged  four  feedthroughs  for  a  BPM  to  be  equal  in  capacitance  as  far 
as  possible.  For  lest  BPM's  we  also  checked  the  capacitances  of  pick-up 
electrodes  before  and  after  attached  on  the  vacuum  chambers.  Table  I  lists 
some  data  of  measured  capacitance. 

Table  I.  Measured  capacitance  of  lest  BPM 
Feedthrough  only  (at  10kHz) 

1-A  1-B  LC _ L32 

C(pFl  3.2  3  2  3.2  3.2 

Pick-up  electrode  (at  10  kHz) 

_ LA _ U2 _ L£ _ LJ2 

CIpFl  5.92  5.95  5.83  5.86 

C  lon-Clearinf  Electrode 


The  cross-sectional  view  of  a  pair  of  ion-clearing  electrodes  we 
designed  is  shown  in  Fig.  2.  Each  of  four  new  chambers  has  a  pair  of  ion  - 
clearing  electrodes.  The  electrodes  and  their  high-voltage  feedthroughs 
have  been  designed  so  that  several  KV  can  be  easily  applied  to  the 
electrodes.  By  using  a  BEM  (Boundary  Element  Method)  we  calculated  the 
electric  field  induced  by  a  DC  voltage  of  1  KV  on  one  electrode  and  -1  KV 
on  the  other  electrode  [see  Fig.  31.  As  mentioned  in  Sec.  1,  these  ion- 
clearing  electrodes  helped  the  beam  lifetime  to  increase. 


(a)  :  cylindrical  BPM  (C-type) 

(b)  :  BPM  for  SOR-RING  (SOR-type) 


fl fc-2 _ Cross-sectional  view  of  a  pair  of  ion-clearing  electrodes 


D.  Alignment  qf  BPM 
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We  did  not  intend  to  precisely  position  the  BPM’s  in  the  ring,  since 
there  is  no  good  reference  point  for  alignment  at  SOR-RING  and  also  the 
aim  of  this  R&D  is  to  test  PIN  diode  switches  incorporated  in  the  BPM 
system.  We  also  have  to  isolate  the  BPM's  as  well  as  vacuum  chambers 
tom  the  ground,  since  the  ring  is  baked  out  by  directly  passing  AC  current 
through  the  vacuum  chambers.  The  BPM  blocks  were  therefore 
sandwiched  between  the  magnet  poles  of  quadru poles  with  precisely 
machined  insulators,  as  shown  in  Fig.  4.  The  alignment  error  of  BPM  to 
the  center  of  quadrupole  magnet  was  expected  to  be  around  0.1  mm. 


The  dash -dotted  line  is  for  infinitely  extended  electrodes. 


3.  Calibration  Measurement 

A  Test  BPM 

Before  fabricating  the  BPM’s  for  SOR-RING.  the  position 
sensitivities  of  two  types  of  test  BPM's  were  measured  by  scanning  an  RF 
antenna  on  the  BPM  test  bench  of  the  Photon  Factory  (31,  as  shown  in 
Fig.  5.  Data  were  taken  mainly  at  120.83  MHz  and  500  MHz.  Presented 
in  this  paper  are  data  for  120.83  MHz.  The  results  of  sensitivity 
measurement  for  the  C-type  BPM  are  shown  in  Fig.  6.  This  sensitivity 
map  shows  the  transformation  of  the  physical  (x,  y) -plane  of  the  beam 
center  to  the  (U.V)-plane  and  to  the  (Ul.Vl)-plane.  where  U  and  V  are 
defined  as. 


t,_(fl+Q-U+P)  „_l4+fl)-<C+P) 

A+B+C+D  A+B+C+D 

and  U1  and  VI  are  also  defined  as. 


Here  A,  B,  C  and  D  stand  for  the  detected  voltages  of  the  corresponding 
pickup-electrodes  in  Fig.  1.  Figure  7  shows  the  sensitivity  map  in  the 
case  of  the  SOR-type  BPM. 


u 


(a)  :  (U,V)-map,  (b)  :  (Ul,Vl)-map 
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We  carefully  measured  the  electric  offset  of  the  center  of  the  SOR-type 
BPM.  Since  the  RF-antenna  of  the  old  test  bench  was  slightly  bent,  we 
decided  to  measure  the  offset  both  for  the  normal  setup  of  BPM  and  for  the 
reverse  setup  in  order  to  remove  the  position  error  of  the  antenna  itself. 


U1 

Fig.  8  Calculated  response  of  the  cylindrical  BPM 

(a)  :  (U,V)-map.  (b) :  (Ul.Vl)-map 
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Fig.  9 _ r«ln.l«teH  response  of  the  SOR-RING's  BPM 

(a) :  (U,V)-map.  (b) :  (Ul.Vl)-map 


Table  1L _ Measured  re nter-offm*  of  test  BPM 
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_ 03)87 _ 
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_ £L1M 

subscript  a:  antenna  offset ,  e:  electric  offset(RF  antenna) 
s:  electric  offset  (S-parameters) 


H.  BPM's  for  SOR-RING 

Before  installing  the  BPM's  in  SOR-RING,  we  took  the  data  of 
sensitivities  and  offsets  for  all  BPM's  in  the  same  way  as  for  the  test 
BPM's.  It  was  found  from  the  calibration  data  that  the  beam  center 
position  is  well  estimated  with  a  fifth  order  polynomial  of  (U.V)  or 
(Ul.Vl).  At  present,  however,  we  make  use  of  the  (U.V)-coordinates  to 
calculate  the  beam  position  (x,  y),  though  the  sensitivity  map  for  (U.V)- 
coordinates  is  more  deformed  than  for  (Ul.Vl) -coordinates.  The 
coefficients  of  the  polynomials  for  all  BPM's  were  stored  on  the  BPM 
computer  thereby  to  calculate  the  beam  position.  For  example,  the 
polynomials,  x  and  y  at  a  BPM,  are  written  as. 


x  =  -0.078  + 14.171/  -  0.24V  +  0.09C/2  +  0.09V2  -  0.26UV 
+  4.97U3  +  1.06V3  +  0.53 U2V  - 19.69 UV2 
-0.21C/4  +0.24f/3V-0.14f/2V2  -0.08f/V3  +  0.13V4 
+  10.45U5  -0.16U4V  +  12.35t/3V2  -0.68f/2V3  -8.59 UVA  -4.68V5, 
y  =  0.14  -  0.221/  +  19.45V  -  0.121/2  +  0.44V2  +0.02UV 
-0.19U3  +  9.3V3  -  15.64f/2V  +  0.63f/V2 
-  0.0 If/4  -  0.08t/3V  +  0.13U2 V2  +  0.18C/V3  -  3.41V4 
+  0.57I/5  +  7.13t/4V-0.86f/3V2  -4.04f/2V3 -1.18UV4  -3.66V5. 


C.  BEM  Calculation 

We  developed  a  two-dimensional  computer  code  using  the  method  of 
BEM.  Then  we  calculated  the  response  of  BPM  to  the  beam  for  both  C- 
type  and  SOR-type.  The  calculated  results  are  shown  in  Fig.  8  for  C-type 
BPM  and  in  Fig.  9  for  SOR-type  BPM.  For  C-type,  both  measured  and 
calculated  maps  of  sensitivity  are  alike  in  shape  but  slightly  differ  in 
scale.  For  SOR-type,  they  largely  differ  in  the  vertical  direction.  The 
discrepancy  between  measured  and  calculated  results  has  not  been  solved 
yet;  it  is  probably  because  the  RF-antenna  used  in  the  measurement  can 
not  generate  a  field  as  truly  two-dimensional  as  a  relativistic  beam  does. 
However,  this  discrepancy  is  almost  irrelevant  to  the  center  offset  of 
BPM. 
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2339 


The  position  monitor  using  stretched  wire  technique 

T.  Mimashi,  S.  Kuroda,  H.  Nakayama,  K.  Oide,  R.  Sugahara,  N.  Yamamoto 

National  Laboratory  for  High  Energy  Physics  (KEK), 

Tsukuba,  Ibaraki  305,  Japan 


abstract 

The  position  monitor  using  stretched  wire  method  [1]  is 
being  developed  as  a  component  of  the  active  alignment 
system  for  panicle  accelerator  equipment,  such  as  RF  cavities 
and  magnets.  The  RF  voltage  is  supplied  to  the  stretched  wire 
and  the  monitor  measures  the  change  of  capacitance  between 
wire  and  pickup  strip.  Present  resolution,  limited  by  the 
electronics  noise,  is  about  5nm. 

I.  Introduction 

An  alignment  system  using  stretched  wire  technique  is 
developed  for  the  precision  alignment  of  the  accelerator 
components.  The  system  will  be  used  in  the  final  focus 
section  of  KEK  future  project  such  as  B  factory  [2]  and  Japan 
Linear  Collider  (JLC)  [3J. 

In  addition  to  the  beam  based  alignment,  another  independent 
alignment  system  is  necessary  for  the  continuous  monitoring 
of  relative  position  of  quadruple  magnets.  Since  the  beam  size 
at  the  final  focus  beam  line  of  JLC  is  expected  to  be  an  order 
of  a  few  nm  -  a  few  tens  nm,  the  nano  meter  resolution 
alignment  is  required.  The  alignment  system  with  the  stretched 
wire  and  pick  up  electrodes  is  developed  as  one  of  the 
candidates. 

According  to  the  ground  motion  measurement,  an  amplitude 
of  seismic  motion  becomes  less  then  1  nm  above  3  Hz.[4] 
Though  other  artificial  vibration  such  as  the  vibration  caused 
by  cooling  water  is  expected,  the  basic  idea  is  "  reduce  high 
frequency  vibration  with  visolator,  and  measure  only  low 
frequency  vibration  and  cancel  out  them  with  an  actuator”.  The 
alignment  system  is  designed  to  detect  the  vibration  below  3 
Hz. 

II.  Principle 

In  this  alignment  system,  the  position  of  all  monitors  are 
determined  relative  to  the  stretched  wire.  Monitors  with 
pickup  electrodes  are  equipped  closed  to  the  stretched  wire.  A 
sinusoid  wave  signal  is  supplied  to  the  wire,  and  the  induced 
charge  on  the  two  faced  electrodes  are  amplified.  By  measuring 
the  difference  between  the  amplitude  of  signal  from  left  and 
right  electrodes,  the  monitor  position  relative  to  the  wire  can 
be  measured. 

In  order  to  distinguish  whether  monitor  or  the  wire  support 
position  is  moving,  two  stretched  wires  are  necessary.  Fig.  1 
shows  one  simple  example.  We  assume  the  system  consists  of 
three  monitors  and  two  wires  which  are  supported  at  four 
fixed  points  as  shown  in  Fig.  1  .  Each  monitor  consists  of 
two  set  of  pickup  electrodes  which  measure  the  vertical  and 
horizontal  position  of  two  wires.  Monitors  and  support  points 
should  move  independently.  Two  wires  are  fixed  at  the  same 
position  on  HI  and  H4.  Absolute  position  of  HI  and  H4 
should  be  determined  by  other  system,  then  both  the  position 
of  fixed  points  H2,  H3  and  the  position  of  pickup  electrodes 


which  will  be  mounted  for  example  on  die  quadruple  magnet. 
Ml,  M2  and  M3  can  be  calculated  from  the  output  of  signals 
from  the  6  sets  of  pickup  electrodes. 


Location  SO  SI  S2  S3  S4  S5  S6 
Fig.  1  An  simple  example  of  position  measurement  setup 

III.  System  design 

A  copper-beryllium,  0.2  mm  diameter  wire  is  used  as  a 
reference  stretched  wire.  The  wire  is  surrounded  by  the 
grounded  aluminum  tubes.  The  sinusoid  wave  voltage  signal, 
3  KHz,  8  V  peak  to  peak,  is  supplied  to  the  wire.  In  order  to 
reduce  the  noise,  preamplifiers  are  mounted  directly  on  the 
1.6mm  thick,  epoxy-graphite  card.  The  both  side  of  this  card 
is  clad  with  0.2  mm  of  copper.  This  copper  cladding  is  etched 
to  provide  the  readout  strip.  The  dimension  of  the  strip 
electrode  is  12  mm  long  along  the  wire,  1  mm  wide  and  0.2 
mm  thick.  The  change  of  the  sinusoid  wave  amplitude  at  the 
output  of  preamplifier  corresponds  to  the  1  nm  movement  is 
calculated  as  a  function  of  the  displacement  between  the  wire 
center  and  pickup  electrode.  (Fig.  2)  The  sensitivity  increased 
rapidly  at  the  short  distance,  so  that  the  displacement  between 
the  wire  and  each  electrode  is  set  to  about  1.5  mm. 


Fig.  2  The  change  of  the  sinusoid  wave  amplitude  at  the 
output  of  preamplifier  corresponds  to  the  1  nm  movement  as  a 
function  of  wire-pickup  strip  displacement. 
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Fig.  3  A  schematic  of  the  front  end  electronics 


IV.  Electronics 

A  simple  schematic  of  the  front  end  electronics  for  the 
stretched  wire  alignment  system  is  shown  in  Fig.  3.  The 
system  consists  of  preamplifiers  directory  mounted  on  the 
pickup  electrode  card,  a  main  amplifier  circuit  and  a  lock'in 
amplifier.  A  main  amplifier  module  is  connected  to  the  pickup 
electrode-preamplifier  card  by  1  m  long  shielded  twisted  pair 
cables.  A  coax  cable  is  used  to  send  the  signal  from  main 
amplifier  to  a  lock'in  amplifier. 


A.  Preamplifier 

To  get  high  gain  and  cancel  out  the  coupling  capacitance 
between  two  faced  electrodes  which  loses  the  sensitivity  a  lot, 
a  charge  sensitive  amplifier  is  chosen  as  a  preamplifier.  As 
shown  in  Fig  4,  since  the  input  of  the  operational  amplifier  is 
virtual  ground,  so  that  the  voltage  difference  between  two 
electrode  is  always  0.  It  means  the  effect  of  coupling 
capacitance  between  two  faced  electrode  is  canceled.  The  high 
impedance  input,  low  noise  operational  amplifier  (BB2604)  is 
chosen. 

B. Main  Amplifier 

A  main  amplifier  circuit  consists  of  line  receivers,  phase 
shifters,  a  differential  amplifier  with  gain  control  trim  resister, 
bandpass  filters,  two  inverting  operational  amplifiers.  In  order 
to  cut  ground  loop  noise,  pulse  transformers  are  used  as  line 
receivers.  The  phase  shifters  adjust  the  phase  difference 
between  signals  from  two  faced  electrodes.  A  differential 
amplifier  amplifies  the  difference  between  two  signals.  A  band 
pass  filter  is  used  to  reduce  the  noise.  And  the  signal  is 
amplified  so  that  1  nm  movement  corresponds  to  the  a  few 
mV  amplitude  change. 


C. Lock'in  Amplifier 

Each  channel  on  the  lock'in  amplifier  card  consists  of  an 
operational  amplifier  receiver,  two  stages  of  band  pass  filter 
and  phase  detector.  An  analog  signal  passes  through  a  linear 
amplifier  whose  gain  is  reversed  by  square  wave  reference 
signal  controlling  an  analog  switch.  The  output  signal  passes 
through  a  low-pass  filter,  RC.  The  response  time  is 
determined  by  this  time  constant.  Totally,  lnm  displacement 
corresponds  1.5  mV  voltage  change  at  the  lock'in  amplifier 
output. 

V.  Performance 

The  schematic  drawing  of  the  bench  test  setup  is  shown  in 
Fig.  5.  A  copper-beryllium  wire,  0.2  mm  diameter  and  1  m 
long,  is  stretched  on  the  v isolator  table  [5].  The  Piezo-electric 
actuators  which  can  move  the  detector  in  the  horizontal 
direction  in  a  few  nm  step,  are  adopted  as  precision  mover. 
The  Piezo  system  was  bought  from  Pi-Polytec  CO.,  LTD. 
The  system  consist  of  Piezo  actuator  and  the  inductive  gage 
position  sensor.  Using  the  signal  from  the  inductive  gage 
position  sensor,  the  extention  of  Piezo  actuator  is  controlled. 
The  accuracy  of  the  inductive  gage  is  a  few  nano  meter. 


Fig.  5  The  bench  test  setup  for  stretched  wire  alignment 
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Monitor  Position  VS  Output 


Fig.  6  Lock’in  Amplifier  output  voltage  as  the  function  of 
displacement  from  reference  point. 

Fig.  7  shows  the  output  voltage  change  related  to  the  monitor 
movement.  Each  step  corresponds  50  nm  movement  of  the 
monitor.  The  resolution  of  this  alignment  system  is  around  5 
nm. 
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Fig.  7  The  lock’in  amplifier  output  voltage  change  when  the 
monitor  position  is  changed  50  nm  step. 

VI.  Conclusion 

The  stretched  wire  technique  is  being  developed  as  a  precision 
alignment  methodes.  The  electronics  is  designed  that  1  nm 
displacement  corresponds  to  1.5  mV  change  at  the  lock'in 
amplifier  output.  The  resolution  is  around  5  nm  and  the 
response  time  constant  is  set  to  3  Hz. 

We  thank  Dr.  K.Taniguchi  and  Dr.  Y.Fukushima  for  useful 
discussion  about  electronics  circuit. 
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Abstract 

The  operating  RF  frequency  of  the  AmPS  stretcher  ring  is 
2856  MHz.  The  beam  pipe  cross  section  is  above  cut-off  for 
some  modes  of  this  frequency.  This  inhibits  proper 
functioning  of  the  stripline  beam  position  monitors.  The 
problem  has  been  solved  by  applying  particularly  shaped 
high  vacuum  quality  RF  dampers. 

Introduction 

The  900  MeV  AmPS  stretcher  ring  has  become  operational 
in  the  middle  of  1992  [1].  Two  types  of  experiments  will  be 
enabled  by  this  new  facility.  Physics  with  a  high  duty  cycle 
(90%)  extracted  beam  (stretcher  mode)  and  internal  target 
physics  (storage  mode). 

The  inner  size  of  the  beam  pipe  is  determined  by  making  the 
machine  suitable  for  both  types  of  experiments.  For  proper 
extraction  the  beam  pipe  should  have  a  relative  large  width 
in  the  extraction  area.  From  the  optical  design  [2]  it  follows 
that  also  elsewhere  in  the  ring  the  beam  width  will  be  large. 
The  inner  beam  pipe  height  is  determined  by  the 
requirement  to  store  the  beam  at  least  one  hour. 

Therefore  in  the  curves  the  inner  beam  pipe  width  is  8.0  cm 
and  the  height  is  4  cm.  In  the  straights  the  round  beam  pipe 
has  an  inner  diameter  of  9.2  cm. 

In  stretcher  mode  the  frequency  of  the  RF  power  source  in 
the  ring  is  the  same  as  the  RF  frequency  of  the  900  MeV 
injecting  accelerator  2856  MHz  [3].  This  is  necessary  to 
trap  all  injected  bunches  in  the  RF  bucket,  otherwise  an 
intolerable  loss  of  beam  would  occur. 

The  revolution  time  of  the  beam  is  0.7  psec.  For  proper 
measurement  of  successive  turns  we  decided  that  the 
bandwidth  of  a  position  monitor  should  be  at  least  15  MHz. 
For  this  purpose  the  2856  MHz  frequency  component  of  the 
beam  must  be  used  and  stripline  position  monitors  based  on 
this  frequency  have  been  developed  [4].  The  stripline 
monitors  have  the  same  cross  section  as  the  beam  pipe,  thus 
allowing  the  same  beam  clearance.  As  a  consequence,  the 
combination  of  this  high  RF  frequency  and  large  inner  beam 
pipe  size  results  in  a  over-moded  beam  position  monitor.  For 
instance  the  TB01  mode  is  above  cut-off  in  the  curves  and 
the  TE1 1  mode  is  above  cut-off  in  the  straights.  Without  any 
precautions  the  monitors  wouldn't  work  due  to  disturbing 
wakefields. 

Wakefields 

The  ring  consists  of  four  90°  bends  connected  by  straights. 


According  to  the  two  different  beam  pipe  cross  sections  there 
are  two  types  of  stripline  monitors  fig.l. 


Curve-type  Straight-type 

Fig.l.  Stripline  Position  Monitors 

One  with  the  cross  section  of  the  curve  and  one  with  the 
cross  section  of  the  straight.  In  each  curve  and  each  straight 
four  monitors  have  been  installed. 

We  expect  wakefields  mainly  to  be  generated  at  strong 
alterations  of  inner  beam  pipe  size.  Propagation  of  these 
wakefields  through  the  beam  pipe  is  then  possible  by  mode 
conversion  into  a  mode  above  cut-off.  Since  the  propagation 
of  such  a  mode  is  not  synchronous  with  the  beam,  the  energy 
content  of  the  propagating  mode  can  not  be  further  enhanced 
by  the  beam.  Initially  we  thought  it  to  be  sufficient  to  put 
only  RF  damping  material  in  the  straights.  The  positions  we 
had  in  mind  were  the  transitions  straight-curve  and  close  to 
disturbing  objects  as  kickers  and  septa.  Beam  measurements 
however  showed  that  a  proper  response  of  the  monitor  could 
only  be  obtained  if  the  monitor  itself  was  sandwiched 
between  RF  damping  material. 

RF  dampers 

The  RF  dampers  consist  of  pieces  ceramic  pipe  coated  with 
a  resistive  paint.  The  paint  obtains  its  resistive  property  after 
a  special  bake  out  treatment  After  this  treatment  the 
vacuum  properties  of  the  paint  are  excellent  The  outgassing 
is  comparable  with  a  stainless  steel  surface  [5].  We  have 
investigated  what  resistive  value  gives  the  best  result  For 
this  purpose  a  stripline  monitor  in  a  beam  line  has  been 
provided  with  dampers  with  resistive  values  between  10  and 
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1000  ohm  per  square  (see  beam  tests).  Also  the  attenuation 
of  the  dampen  has  been  measured  on  a  bench  using  the 
beam  pipe  as  a  waveguide.  A  resistive  value  of  140  ohm  per 
square  proved  to  be  the  best  choice.  It  performed  the  best 
beam  response  as  well  as  maximum  attenuation. 

The  bench  measurements  were  done  by  putting  the  damper 
in  1  m  beam  pipe  terminated  at  the  ends  by  tapering  to  S- 
band  waveguide  WR-284.  For  the  selected  140  ohm 
dampen  the  attenuation  was  6  dB  for  a  complete  (upper  and 
lower  part)  38  mm  long  curve  type  damper  and  10  dB  for  a 
complete  73  mm  long  straigth  type  damper.  Over  the 
important  frequency  range  2  to  4  GHz  the  attenuation 
showed  to  be  quite  constant. 

RF  damper  assembly 

In  the  straights  the  dampen  are  put  directly  in  the  pipe 
(fig.2)  thus  affecting  the  beam  stay  clear  in  vertical 
direction. 


Fig.2.  RF  damper  assembly,  straight-type  monitor. 

This  is  allowed  since  the  large  beam  pipe  size  is  required  in 
stretcher  mode  where  the  beam  excursion  is  large  in  the 
horizontal  direction  only.  One  holder  comprises  six  20  mm 
diameter,  73  mm  long  ceramic  pipes.  Three  at  the  upper  side 
and  three  at  the  lower  side  of  the  beam  pipe. 

In  the  curves  it  was  not  allowed  to  decrease  the  beam 
clearance.  The  only  possibility  to  fit  dampen  around  the 
stripline  monitors  in  the  curves  was  to  use  the  bellows  of 
each  monitor.  In  fig.3  is  shown  how  this  has  been  realised. 


Fig.3.  RF  damper  assembly  curve-type  monitor. 


The  original  smoothing  RF  sleeves  have  been  removed. 
Then  the  corrugated  surface  of  the  bellows  has  been  covered 
with  a  metal  foil.  Hereafter  the  holders  with  the  damping 
pipes  have  been  positioned,  one  in  the  upper  and  one  in  the 
lower  part  of  the  bellows.  Each  holder  comprises  two  20 
mm  diameter  ceramic  pipes  in  the  middle  and  two  10  mm 
diameter  ceramic  pipes  at  the  sides.  The  length  of  the  pipes 
is  38  mm  giving  the  bellows  3  mm  length  clearance  which  is 
sufficient  for  alignment  purposes. 

It  appeared  to  be  difficult  to  reproduce  the  resistive  value. 
Therefore  the  dampers  are  provided  with  ceramic  pipes  in 
such  a  way  that  the  average  values  of  upper  and  lower  part  of 
a  damper  were  equal  and  close  to  140  ohm. 

Coupled  beam  impedance 

We  assume  that  the  dampers  only  contribute  to  the 
broadband  impedance.  That  means  only  the  single  bunch 
current  threshold  is  affected  by  the  RF  dampers  [6]. 
Applying  the  coaxial  wire  method  [7]  for  beam  impedance 
measurements,  the  sum  of  all  dampers  will  contribute  2.8 
ohm  to  the  longitudinal  broadband  impedance  ZJn  in  the 
frequency  range  2  to  4  GHz.  This  value  also  includes  RF 
dampers  elsewhere  in  the  ring,  for  instance  at  the  straight- 
curve  transitions.  However  this  increase  of  the  broadband 
impedance  will  not  disable  the  original  aimed  maximum 
beam  current  in  the  ring  (200  mA). 

Beam  tests 

Prototypes  have  been  tested  in  a  6  m  long  part  of  the  beam 
line.  The  test  sections  comprised  one  or  two  stripline 
monitors  and  6  m  beam  pipe  with  the  same  cross  section  as 
the  monitor.  As  mentioned  before  a  variety  of  resistive 
values  for  the  RF  dampers  has  been  used.  The  best  response 
was  obtained  with  140  ohm  per  square.  Other  resistive 
values  performed  lower  sensitivities  and  distorted  responses. 
The  response  on  beam  position  with  140  ohm  dampers  is 
shown  by  the  isoposition  lines  in  fig.4.  The  X  and  Y  output 
voltages  are  obtained  after  signal  processing  [4],  The 
average  sensitivity  constants  (defined  in  [8])  were, 
curve  type  Kx  =  24  mm  Ky  =  25  mm 
straight  type  Kx  =  50  mm  Ky  =  50  mm 
After  installation  in  the  ring  the  centre  position  of  the 
monitors  has  been  calibrated  by  centring  the  beam  in  the 
quadrupoles  (by  wobbling)  in  between  the  monitor 
has  been  positioned.  Also  the  sensitivities  have  been 
measured.  The  average  centre  offsets  appeared  to  be 
dx  =  -0.8  mm  and  dy  =  0.7  mm  with  standard  deviations  of 
ox  =  2.0  mm  and  oy  =  3.4  mm.  The  average  sensitivities 
were  equal  to  those  measured  in  the  test  section  however 
with  standard  deviations  of  33  %  for  x  and  28  %  for  y. 

This  result  is  not  as  good  as  could  be  expected  from  the 
prototype  tests.  An  explanation  and  possible  cure  requires 
more  research  but  probably  two  effects  can  be  blamed  for  it 
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the  generation  of  much  stronger  wakefields  in  the  ring 
compared  with  the  test  section  and  the  non-uniformity  of  the 
dampers  with  respect  to  the  resistance  and  also  slightly  the 
geometry.  Summarised  the  response  of  die  stripline  monitors 
is  not  ideal  but  they  are  suitable  for  position  measurement  if 
properly  corrected  for  the  individual  deviations. 


Fig.4.  Beam  position  response,  isoposition  lines. 
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Abstract 

The  performance  of  resonant  beam  position 
monitors  is  limited  in  part  by  the  presence  of  a 
symmetrical  (common  mode)  excitation  of  the  cavity. 
Due  to  finite  Q,  a  centred  beam  will  give  a  non-zero 
output  at  the  observation  frequency.  This  interference  is 
analysed  and  general  expressions  are  given  for  the 
electrical  and  magnetic  spectral  densities,  split  into 
the  wanted  resonant  term  and  the  "broad-band" 
unwanted  signal,  for  a  cavity  with  arbitrary  shape. 
This  analysis  is  particularly  relevant  to  beam  position 
monitor  studies  for  the  CERN  linear  collider  (CLIO, 
where  very  precise  measurement  of  transverse  beam 
position  is  required.  It  is  shown  that  a  common  mode 
position  error  of  under  1pm  is  obtainable  from  a  high  Q 
33GHz  pill-box,  even  prior  to  the  use  of  any  external 
difference-taking  elements. 


Introduction 

The  performance  of  high  precision  resonant  beam 
position  monitors  (BPM's)  will  be  limited  in  part  by 
the  off-resonance  excitation  of  common  modes  (E^ 
modes  in  a  cylindrical  cavity).  Due  to  finite  Q,  a 
centred  beam  will  give  a  non-zero  output  at  the 
frequency  used  for  observation  and  this  will  remain 
after  narrow-band  filtering  of  the  cavity  output.  The 
interference  from  the  E«o  mode  in  a  cylindrical  cavity 
BPM  operating  in  the  E,,0  mode  has  already  been 
treated  II].  Here,  the  analysis  is  extended  to  include 
all  interfering  modes  and  an  arbitrary  cavity  shape. 
General  expressions  are  given  for  the  electrical  and 
magnetic  spectral  densities  at  the  BPM  operating 
frequency,  split  into  the  wanted  resonant  term  and  the 
"broad-band"  interference. 

This  analysis  is  particularly  relevant  to  BPM 
studies  for  the  CERN  linear  collider  (CLIC),  where 
very  precise  measurement  of  transverse  beam  position  is 
required.  The  BPM  that  has  been  proposed  is  a 
cylindrical  cavity  operating  in  the  E110  mode  at  a 


frequency  of  33GHz  [1,2].  This  case  is  taken  as  an 
example  and  the  position  error  is  calculated  for  output 
coupling  to  the  circumferential  magnetic  field. 

Finally,  measurements  of  common  mode 
interference  in  a  prototype  BPM  are  described. 


Cavity  spectral  density  at  resonance 


The  electric  and  magnetic  fields  due  to  a  line 
current  le**  travelling  through  a  cavity  in  the  z 
direction  with  co-ordinates  r0,  <t>0,z  can  be  written  as  an 
expansion  in  terms  of  orthogonal  modes  [3,4].  For  the 
electric  field,  both  the  zero  divergence  solenoidal  set  of 
modes  E„  and  the  zero  curl  irrotational  set  F„  are 
required: 


where  d  is  the  cavity  length,  E„  and  Fn  are  the  z 
direction  components  of  E„  and  F„  respectively  and 
k  =  co/c.  kn  is  the  ntt  eigenvalue  and  Qn  is  the  quality 
factor.  For  the  magnetic  field,  only  the  solenoidal  set 
H,  is  excited: 


H-X 


ki-k2 


1  + 


jle'^E„lr0,^0,z)dz  H*  (2) 


hi 

Qn 


E„,  F„  and  H„  are  real  and  satisfy: 


Vx  En  =  knHn 
jEK.EJV  =  \ 


VxH  H  =  knEn 
JvF..F,dV  =  l 


Vx  F„  =  0 
|vH„.H1IdV  =  l 
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At  the  frequency  of  the  pth  resonance,  we  can  split 
the  response  into  the  wanted  resonant  term  and  the  sum 
of  the  interfering  modes.  Assuming  large  Q„  and  that 
we  are  far  from  resonances  n*p  : 


E  =  — }/e  ^E^(r0,«0,z)dz  E„ 


o 


~Z  fle-»Emlr0.i0.z)dz  En 

Kp  o 


n*p 


~  fJe '^F„(ro,0o»2)rf2  F„ 

n  ]a,e0  o 

iO  4 

H  =  ~k  lIe^Ep*(r 0.4>0,z)iz  Hp 


'P  0 


+  Z  h„ 

»  *»  kp  o 


»<*F 


(3) 


(4) 


These  expressions  are  independent  of  the  Q's  of  the 
interfering  modes.  It  should  also  be  noted  that  all 
transit  time  factors  are  calculated  at  the  frequency  (op. 

It  is  not  possible  to  give  a  general  expression  for  the 
position  error  resulting  from  the  off-resonance  terms 
since  it  is  very  much  dependent  on  the  output  coupling. 


Pill-box  cavity 

Equation  (4)  is  now  applied  to  a  pill-box  cavity 
operating  in  the  En0  mode  with  output  coupling  to  the 
circumferential  magnetic  field,  through  an  iris  into 
rectangular  waveguide.  Although  the  summation  is  in 
fact  a  triple  series,  interference  comes  only  from  the 
Eq^  common  modes,  as  only  these  are  strongly  excited 
by  a  beam  near  the  centre.  In  addition,  we  will  omit  all 
modes  with  />  0  since  these  modes  do  not  couple 
through  the  iris  to  the  H,0  mode  in  the  rectangular 
output  waveguide.  For  a  cavity  of  radius  a  and  length 
d,  we  have: 


/i(Pnr/fl)cos0  (5) 


h{Pij/a)cos<l>  (6) 


kLo  =(p*m/a)2  (9) 

where  pm  is  the  m,k  root  of  Jn .  For  r0 « a  and 
0O  =  0  =  0,  the  circumferential  magnetic  field  given  by 
(4)  is: 


H  = 

*  jkuonda 


+z 


iQlWro 


{L{Pu)a 


(10) 


P0m 


(PL  ~Pu)h(P0m) 


If  we  define  the  position  error  as  the  value  of  r0  for 
which  the  magnitudes  of  the  wanted  and  unwanted 
terms  in  (10)  are  equal,  then: 


error  = 


h(Pn)a  y _ Pom _ 

Quo  m{pL-Pn)li(Pan) 


0.305 -^2. 

Quo 


(ID 


The  error  in  a  33GHz  cavity  with  a  Q  of  4000  is 
thus  0.69pm.  For  the  CLIC  BPM,  this  will  be  reduced  by 
the  symmetry  rejection  of  a  pair  of  diametrically 
opposed  irises  feeding  a  hybrid  tee.  A  reduction  by 
more  than  an  order  of  magnitude  is  easily  achievable  . 


Fig.  1  Prototype  dual  axis  PPM  cavity. 
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Measurement  of  position  error  due  to 
common  modes 

Common  mode  interference  has  been  measured 
experimentally  in  a  prototype  33GHz  E110  pill-box 
BPM  (Fig.  1).  The  cavity  was  excited  by  a  5mm  long 
antenna  placed  in  the  beam  hole  0.5mm  outside  the 
end- wall  and  a  network  analyser  was  used  to  measure 
the  transmission  through  the  antenna-cavity-output 
iris  system.  The  antenna  could  be  moved  relative  to  the 
cavity  using  a  precision  translation  stage  with  a 
nominal  0.1pm  resolution.  Fuller  details  of  the 
experimental  configuration  have  been  given  elsewhere 
[51.  For  the  present  measurements,  a  brazed  diamond 
machined  cavity  of  diameter  10.600mm  and  with  a 
loaded  Q  of  4000  was  employed.  A  single  cavity  output 
port  was  used  with  no  external  symmetry  rejection. 

Again,  we  define  the  common  mode  position  error 
as  the  value  of  displacement  for  which  the  magnitudes 
of  the  Eno  resonant  and  the  quadrature  "broad-band" 
responses  are  equal.  The  experimental  estimate  of  this 
error  was  1.0pm.  It  was  found  by  firstly  positioning  the 
antenna  at  the  null  of  the  En0  transmission  (flat 
response),  and  then  moving  it  either  side  to  where  the 
transmission  increased  by  V2 ,  at  the  frequency  of  the 
E110  resonance.  This  value  was  reached  at  antenna 
positions  of  ±1.0pm  from  the  null,  as  is  shown  in  Fig.  2. 
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Abstract 

Longitudinal  coupled  bunch  growth  rates  in  the  Advanced 
Light  Source  (ALS),  a  1.5  GeV  electron  storage  ring  for 
producing  synchrotron  radiation,  indicate  the  need  for 
damping  via  a  feedback  (FB)  system.  The  design  of  the 
system  is  based  on  the  proposed  PEP-II  longitudinal  FB 
system  which  uses  a  digital  filter  to  provide  the  required 
phase  and  amplitude  response.  We  report  the  results  of  a 
detailed  computer  simulation  of  the  FB  system  including 
single  particle  longitudinal  beam  dynamics,  measured  RF 
cavity  fundamental  and  higher  order  modes,  and  response 
of  major  FB  components  such  as  the  power  amplifier  and 
kicker.  The  simulation  addresses  issues  such  as  required 
FB  power  and  gain,  noise,  digital  filter  effects,  and  vary¬ 
ing  initial  bunch  conditions. 

Introduction 

The  calculated  longitudinal  multibunch  growth  times  re¬ 
sulting  from  interactions  with  the  RF  cavity  higher  order 
mode  impedance[l]  indicate  the  need  for  a  multibunch  FB 
system  in  order  to  maintain  longitudinal  beam  stability. 
The  longitudinal  feedback  (LFB)  system  proposed  for  the 
ALS  is  based  on  a  design  for  the  FB  system  proposed  for 
PEP-II,  a  high-current,  many-bunch  storage  ring  proposed 
to  be  built  a  SLAC[2], 

A  time-domain  computer  simulation  of  the  longitudinal 
motion  of  a  multibunch  beam[3]  has  been  used  in  order  to 
study  the  performance  of  the  ALS  LFB  system  under  a 
variety  of  conditions.  The  simulation  is  useful  for  study¬ 
ing  many  issues  which  theoretical  methods  on  coupled- 
bunch  beam  stability  can  only  estimate.  These  include 
transients  and  growth  rates  for  nonuniform  bunch  filling 
patterns,  residual  beam  noise,  nonlinearities,  and  power 
requirements.  The  simulation  is  also  useful  for  examining 
electronic  effects  which  can  occur  in  the  FB  system  such 
as  amplifier  saturation,  limited  frequency  response,  devia¬ 
tions  from  linear  phase. 

Longitudinal  Simulation [3] 

Difference  Equations 


The  turn-by-turn  difference  equations  for  these  coordinates 
can  be  written  as 


A£i+i  =  AEi+qVlsin4>i-U,:i+qVw+qVFB+qVn0i,e  (1) 

and 

A  Ei 

<t>i+ 1  =  4>i  +  2irah—g~.  (2) 

Vg  is  the  voltage  in  the  cavity  from  an  external  generator, 
Vw  is  the  wakefield  voltage,  Vfb  is  the  voltage  kick  from 
the  FB  system,  and  Vnoite  is  a  noise  source.  {/,,,•  is  the 
energy  lost  to  synchrotron  radiation  on  turn  i  and  is  given 
by 

U.,i  =U0  +  AEijt  (3) 

where  U  =  U(E)  is  the  energy  lost  to  radiation  for  an 
electron  of  energy  E. 

To  include  effects  from  the  fundamental  mode  such  as 
Robinson  damping  and  beam  gap  transients,  it  is  necessary 
to  apply  standard  beam-loading  compensation  to  the  RF 
voltage[4].  To  do  this,  the  fundamental  mode  is  detuned 
from  the  RF  frequency  and  Vg  is  adjusted  to  maintain  a 
constant  cavity  voltage  (Vc).  The  amount  of  frequency 
detuning  is  given  by  the  relation 

A  Iq  C06  <f> s  (  R\ 

a/,  =  y  i„.  <4) 

Including  beam-loading  compensation,  Eq.  1  is  modified 
as 


AEi+i  =  AEi  +  qVg  s\n(cj>i  +  ip)  -  U$ii  +  qVw  +  qVFB  ■  (5) 

The  generator  voltage  is  given  by 

Vg  =  (Vc  +  Vir)coetP  (6) 


where 


2IoR, 

Vlr  =  IT? 


and  the  tuning  angle,  4>,  is  given  by 


The  simulation  code  models  each  bunch  as  a  single  macro- 
particle  of  charge  q.  The  coordinates  used  for  describing 
the  longitudinal  motion  of  each  bu..ch  are  A E,  the  energy 
deviation  from  the  reference  energy,  and  4>,  the  phase  of 
the  RF  clock  at  the  arrival  time  of  the  bunch  at  the  cavity. 

•This  work  was  supported  by  the  Director,  Office  of  Energy  Re¬ 
search,  Office  of  Basic  Energy  Sciences,  Materials  Sciences  Division, 
of  the  U.S.  Department  of  Energy  under  Contract  No.  DE-AC03- 
76SF00096. 


tan  tp  = 


2Q0  Afc 
1  +  P  fr / 


(7) 


The  beam-induced  voltage  in  the  fundamental  mode  is  in¬ 
cluded  in  the  wake  voltage,  Vw .  It  is  initialized  to  its  ex¬ 
pected  steady-state  value  at  the  start  of  a  run  in  order  to 
avoid  transient  problems. 

The  wakefield  voltage  is  found  by  summing  the  voltage 
contribution  from  each  cavity  mode.  All  cavity  modes  are 
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assumed  to  be  resonator-type  impedances.  The  net  wake 
voltage  is  given  by 


Vw(t)  =  jP  2kjq  cos(u >r,jt)e  (8) 

i  =  i 

where  uir,  Q,  k  are  the  resonator  frequency,  quality  factor, 
and  loss  factor.  The  loss  factor  is  related  to  the  shunt 
impedance  by 

k  =  ^-e'(Ur°r?  (9) 

Each  resonator  wake  voltage  is  initialized  to  zero  at  the 
start  of  the  simulation  except  for  the  fundamental  mode. 

Feedback  Model[3] 

The  purpose  of  the  LFB  system  is  to  process  a  measured 
bunch  phase  error  and  produce  an  energy  correction  with 
a  90°  phase  shift  at  the  synchrotron  frequency.  In  the 
proposed  design  of  the  system,  a  beam  phase  oscillations 
are  detected  at  6  x  frf.  This  signal  is  digitized  and  a  farm 
of  digital  signal  processors  (DSPs)  computes  an  output 
using  a  digital  filter  with  the  desired  frequency  and  phase 
response  using  a  digital  filter  algorithm.  The  computed 
correction  is  then  converted  to  a  voltage  and  modulated  to 
the  operating  frequency  of  the  longitudinal  kicker. 

The  digital  filter  used  in  the  DSPs  is  a  5-tap  finite  im¬ 
pulse  response  (FIR)  filter.  To  reduce  the  total  amount  of 
data  processing,  only  the  signal  from  every  nth  turn  for  a 
particular  bunch  is  used  to  calculate  the  output.  Because 
of  the  many  (~110)  turns  per  synchrotron  oscillation,  a 
reduced  set  of  sampled  signals  is  adequate  to  define  the 
synchrotron  oscillation  for  a  given  bunch.  On  turns  where 
a  new  output  for  a  given  bunch  is  not  calculated,  the  pre¬ 
vious  correction  for  that  bunch  is  used.  For  the  simulation, 
a  downsampling  factor  of  n  =  24  was  used,  corresponding 
to  roughly  5  samples  per  synchrotron  oscillation. 

The  correction  signal  is  calculated  from  the  input  phase 
error  signal  as  a  convolution  given  by 


m—  1 

n  =  £  cnxk.n  (io) 

n  =  0 

where  Yt  is  the  output  of  the  filter  on  turn  k,  n  is  an  index 
which  sums  over  the  last  m  phase  error  measurements  of  a 
particular  bunch,  C„  are  the  weighting  coefficients  of  the 
filter,  and  Xk-n  are  the  digitized  input  phase  error  mea¬ 
surements  for  the  last  m  samples.  The  filter  coefficients  are 
chosen  to  pass  signals  at  the  synchrotron  frequency  with  a 
90°  net  phase  shift  and  zero  DC  response.  The  filter  coef¬ 
ficients  for  one  of  the  5-tap  filters  used  in  this  simulation 
and  the  resulting  frequency  response  is  shown  in  Figure  1. 

The  simulation  LFB  model  includes:  1)  the  properties  of 
the  phase  detector,  mixer,  low-pass  filter,  low-pass  filter, 
A/D  and  D/A  conversion,  2)  input  noise,  gain,  and  offset 
errors,  3)  algorithm  running  DSPs  to  compute  output  re¬ 
sponse,  4)  bandwidth  limitations  of  amplifier,  and  kicker. 
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Figure  1:  a)  Filter  coefficients  used  in  FIR  filter,  b)  Fre¬ 
quency  response  of  FIR  filter. 

Digital  filters  were  used  to  approximate  the  frequency  re¬ 
sponse  of  the  LFB  system  components  in  the  simulation. 
A  wide  variety  of  filters  were  tried.  For  the  results  in  this 
paper,  a  20-tap  FIR  bandpass  filter  was  used  to  approxi¬ 
mate  frequency  response  of  the  analog  components  in  the 
system. 


Results 

The  ALS  and  FB  parameters  used  for  the  simulation  are 
shown  in  Table  1.  The  monopole  RF  cavity  modes  used 
were  measured  on  a  spare  ALS  cavity  and  are  given  in 
reference[5],  in  these  proceedings.  One  of  the  consequences 
of  the  gap  in  the  bunch  filling  pattern  is  a  different  syn¬ 
chronous  phase  angle  for  each  bunch.  This  makes  the  zero 


Parm. 

Description 

Value 

E„ 

Beam  energy 

1.5  GeV 

C 

Circumference 

196.8  m 

h 

Harmonic  number 

328 

N 

Number  of  bunches 

280 

Io 

Total  DC  beam  current 

0.4  A 

Q, 

Synchrotron  Tune 

0.009 

T, 

Rad.  damping  time 

22500  turns 

b^inj 

Inj.  phase  offset 

0.20  rad 

(' 6E/E)in] 

Inj.  energy  offset 

0.002 

Kp  B,max 

Maximum  FB  kick 

1.5  kV 

Vnoise 

RMS  noise 

50  V 

TCB 

Max.  CB  growth  time 

1500  turns 

tfb 

Max.  FB  damping  time 

600  turns 

Table  1:  ALS  and  LFB  parameters  used  in  the  simulation. 
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Figure  2:  Transient  response  of  two  of  the  280  bunches 
with  feedback. 

DC  response  of  the  FIR  filter  important.  Since  all  bunches 
start  at  the  same  initial  phase,  the  simulation  is  run  for 
1000  turns  before  an  injection  disturbance  is  applied  in 
order  to  allow  the  beam  to  settle  into  its  steady-state  con¬ 
dition. 

All  simulation  runs  used  ALS  injection  conditions.  The 
injector  system  injects  4  bunches  separated  by  4  RF  buck¬ 
ets  into  the  storage  ring  at  a  1  Hz  rate.  Each  bunch  has 
a  maximum  centroid  energy  and  phase  offset  given  in  Ta¬ 
ble  1.  Runs  with  the  FB  turned  off  show  an  exponential 
increase  in  the  bunch  phase  up  to  tin  amplitude  of  ~0.3 
rad  whereupon  the  oscillation  appears  to  self-limit.  The 
limiting  mechanism  is  not  yet  understood.  The  transient 
responses  of  an  offset  bunch  (bunch  1)  and  a  trailing  bunch 
(bunch  2)  with  the  FB  on  are  shown  in  Figure  2.  Bunch 
1  is  kicked  at  turn  1000  and  is  damped  linearly  while  the 
FB  voltage  is  saturated  at  1.5  kV  and  exponentially  in  the 
proportional  region.  Bunch  2  is  excited  through  wakefield 
coupling  and  is  damped  down  to  the  sensitivity  level  of 
the  FB  input,  which  is  determined  by  the  least  significant 
bit  of  the  input  A/D  conversion.  For  the  simulation,  the 
sensitivity  was  2  mrad. 

Shown  in  Figure  3  is  an  expanded  view  of  the  bunch 
phase  and  the  computed  FB  output  kick  for  bunch  1.  The 
stepping  structure  of  the  output  is  a  result  of  the  downsam¬ 
pling  of  the  input  signal.  Note  that  the  output  is  shifted 
by  —90°  from  the  bunch  phase  and  that  the  output  has  no 
DC  component.  The  damping  rate  of  the  LFB  system  was 
set  to  be  2.5  times  the  largest  calculated  CB  growth  rate. 

For  the  FB  gain  and  external  noise  used,  the  system  was 
always  capable  of  damping  the  bunch  phases  to  within  the 
sensitivity  level  of  FB  input.  The  requisite  voltage  to  damp 
the  beam  was  also  studied.  The  FB  system  was  able  to 
stabilize  the  beam  for  the  above  injection  transients  with 
—1/2  the  maximum  FB  voltage  kick.  Thus,  the  system 
could  concievable  run  with  —1/4  the  specified  power  for 
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Figure  3:  Transient  response  of  bunch  1  and  the  FB  out¬ 
put.  The  FB  is  saturated  up  to  turn  4700. 

the  kind  of  injection  disturbances  expected. 

The  effect  of  shifts  in  the  HOM  frequencies  on  the  ability 
of  the  FB  system  to  damp  the  beam  was  also  studied.  We 
ran  a  series  of  simulation  runs  using  the  measured  HOM 
parameters,  where  several  of  the  high-Q  HOM  frequen¬ 
cies  were  varied  randomly  from  run  to  run.  The  FB  was 
able  to  damp  the  beam  under  all  conditions  except  when 
the  frequency  strongest  HOM  landed  on  a  frequency  cor¬ 
responding  to  an  unstable  coupled-bunch  mode. 

Conclusions 

A  simulation  of  the  ALS  longitudinal  multibunch  FB 
system  has  demonstrated  that  it  is  capable  of  damping 
coupled-bunch  oscillations  to  acceptable  levels  for  nomi¬ 
nal  operating  conditions.  The  actual  power  requirements 
should  be  less  than  calculated. 

The  author  would  like  to  thank  Kathy  Thompson  for 
providing  the  original  multibunch  simulation  code  and  Don 
Briggs,  Walid  Hosseini,  Haitham  Hindi,  and  John  Fox  for 
providing  the  code  for  the  FB  model.  Thanks  also  to  Glen 
Lambertson  for  many  useful  discussions,  Johan  Bengtsson 
for  assistance  in  deciphering  the  simulation  code,  and  to 
members  of  the  Center  for  Beam  Physics  at  LBL  for  their 
general  support  and  encouragement. 
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Recently  a  single-channel  prototype  of  the  proposed  PEP- 
II  longitudinal  feedback  system  was  successfully  demon¬ 
strated  at  SPEAR  and  ALS  on  single-bunch  beams.  The 
phase  oscillations  are  detected  via  a  wide-band  pick  up. 
The  feedback  signal  is  then  computed  using  a  digital  signal 
processor  (DSP)  and  applied  to  the  beam  by  phase  modu¬ 
lating  the  rf.  We  analyze  results  in  the  frequency-  and  the 
time-domain  and  show  how  the  closed-loop  transfer  func¬ 
tions  can  be  obtained  rigorously  by  proper  modeling  of  the 
various  components  of  this  hybrid  continuous/digital  sys¬ 
tem. 

The  technique  of  downsampling  was  used  in  the  experi¬ 
ments  to  reduce  the  number  of  computations  and  allowed 
the  use  of  the  same  digital  hardware  on  both  machines. 

I.  INTRODUCTION 

It  has  been  proposed  that  the  longitudinal  synchrotron 
oscillations  in  storage  rings  can  be  supressed  using  a  DSP- 
based  bunch-by-bunch  feedback  system  (1].  In  the  bunch- 
by-bunch  approach,  each  bunch  is  treated  as  an  individual 
oscillator  driven  by  an  unknown  disturbance.  The  phase 
of  each  bunch  is  detected,  a  feedback  signal  particular  to 
that  bunch  is  computed  using  a  digital  signal  processor, 
and  is  applied  to  that  bunch  on  the  following  turn.  The 
idea  is  that  since  this  approach  deals  with  each  bunch  on 
an  individual  basis,  it  can  be  extended  to  the  multibunch 
case.  The  coupling  would  then  be  lumped  into  the  un¬ 
known  driving  term.  This  technique  would  work  if  the 
coupling  between  the  bunches  is  sufficiently  weak.  The 
programmable  nature  of  the  DSP-based  feedback  system 
and  the  technique  of  downsampling  makes  it  possible  to 
use  the  same  digital  hardware  on  different  machines. 

A  single-channel  prototype  of  this  system  was  demon¬ 
strated  successfully  at  SPEAR  and,  more  recently,  at  ALS 
on  single-bunch  beams.  We  present  some  of  the  results  of 
these  experiments  and  show  how  they  can  be  rigorously 
analyzed  by  appropriate  modelling  of  the  different  compo¬ 
nents  in  the  feedback  system. 

II.  EXPERIMENTAL  SETUP 


the  rf.  A  compensator  (not  shown)  was  included  before  the 
rf  cavity  to  extend  its  bandwidth  to  beyond  the  frequency 
range  over  which  the  beam  dynamics  are  interesting.  The 
component  k  represents  an  attenuator  that  was  used  to 
vary  the  loop  gain.  The  j  M  represents  downsampling  1 . 
This  process  had  very  little  effect  on  the  experiment  as  a 
whole. 

Points  A,  B,  and  C  represent  points  in  the  system  be¬ 
tween  which  transfer  function  measurements  were  made. 

III.  MODEL  OF  SINGLE-BUNCH  BEAM 
WITH  FEEDBACK 

In  this  section  we  obtain  theoretical  expressions  for  the 
transfer  functions  from  points  A  to  B,2  7a_b(s),  and  from 
B  to  C,  Tb~.c(s)-  Prom  these  expressions,  the  closed-loop 
transfer  functionis  obtained.  Due  to  the  large  number  of 
components  in  the  loop,  the  modelling  of  delays  plays  an 
important  role. 

A.  Model  of  the  Beam 

We  model  the  beam  phase  oscillations,  r,  with  respect  to 
the  rf  as  obeying  the  simple  harmonic  oscillator  equation 
[4],  except  that  we  modify  this  equation  to  allow  for  a  delay, 
Tji  ,  in  the  response: 

r  -t-2w<,C»  f  +w2  r  =  —  A  u(f  —  Tdi)  (1) 

where  u0  is  the  synchrotron  frequency,  is  the  damping 
term,  A  is  a  gain  constant,  and  u(t  -  Tj i)  is  the  driving 
input  to  the  system,  delayed  by  7ji  .  These  parameters  can 
be  easily  extracted  from  the  plots  of  the  open-loop  transfer 
functions  of  the  system.  Laplace  transforming  equation(l) 
yields  the  open-loop  beam  transfer  function: 


The  basic  experimental  setup  used  on  both  machines  is 
shown  in  Figure  1.  Since  no  wide-band  kicker  was  available, 
the  feedback  was  applied  to  the  beam  by  phase  modulating 

•Work  supported  in  part  by  U.S.  Department  of  Energy  contract 
DE- AC03-76SF005 1 5. 


ar(s)  _  -Ae~,Til 
~  u(s)  -  s3  +  2w„C O*  +  w2 

1  This  was  used  to  reduce  the  number  of  computations  by  allowing 
only  one  out  of  every  M  data  samples  to  get  to  the  DSP,  see  [2] 

3  “s"  here  denotes  the  Laplace  frequency  variable. 
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We  assume  that,  apart  from  contributing  to  the  delay 
Tn  and  to  the  gain  A,  the  frequency  responses  of  all  the 
other  components  in  the  branch  A  — ►  B  are  “flat”  over 
the  range  of  frequencies  where  the  beam  dynamics  are  of 
interest.  Hence  we  take  B(s)  to  be  our  model  for  this 
branch,  i.e.,  Ta—b( *)  =  B(s). 

B.  Model  of  the  Feedback 
The  objective  of  the  feedback  is  to  measure  r  and  pro¬ 
cess  it  to  produce  a  feedback  signal  u/i  that  damps  the 
synchrotron  oscillations.  Ideally,  this  could  be  done  us¬ 
ing  differential  feedback  [3],  that  corresponds  to  filtering  r 
with  a  differentiator,  H(s)  =  —Khjjs,  where  Kajj  is  a 
constant.  However,  ideal  differentiators  have  the  unfortu¬ 
nate  property  of  amplifying  high-frequency  noise.  Hence, 
the  DSP  was  used  to  implement  a  finite  impulse  response 
(FIR)  digital  filter  [5]  that  approximates  a  differentiator 
over  a  finite  frequency  range.  The  transfer  function  of  the 
FIR  filter  is  given  by 


H(s)  =  K0jrh(n)e-T-n  ,  (3) 

n=r  1 

where  K0  is  the  gain  of  the  filter,  (h(n)}^  are  the  coeffi¬ 
cients  of  the  FIR  filter,  and  T,  is  the  sampling  rate.  The 
coefficients  used  at  SPEAR  and  ALS  were  given  by: 

h(n)  =  sin(— - A)  ;1  <n<  N.  (4) 

A  is  an  adjustable  parameter  which  gives  control  over  the 
phase  response  of  H(s).  In  this  single-channel  prototype, 
additional  delays  due  to  the  hardware  exist,  so  we  modify 
H(s)  to  allow  for  these: 


N 

H(s)  =  *,(£  h(n)e-'r-")e-'T«.  (5) 

n=l 


Once  again,  assuming  that  apart  from  contributing  to  a 
delay  T&  and  to  the  gain  K0,  the  frequency  responses  of  all 
the  other  components  in  the  branch  B  — *  C  are  flat  we  can 
take  7b_c(<)  =  #(*)•  The  only  unknown  parameters  here 
are  K0  and  T&.  These  are  obtained  from  measurements  of 
the  transfer  function  Tb— c(«)- 
C.  Closed-Loop  Response 

Through  the  modelling  process  above,  we  have  reduced 
the  complicated  system  of  Figure  1  to  that  shown  in  Figure 
2. 

Finding  the  closed-loop  beam  transfer  function, 
Ta—b(s)'  **  now  tr>vial;  it  «  simply  given  by 


rfCl  _  fl(*) 

’  1  +kH{a)B(a)' 


(6) 


RESULTS  AND  DISCUSSION 

Since  much  more  data  was  available  from  the  trial  at 
ALS  than  at  SPEAR,  we  focus  on  those  results  here, 


A 


Figure  2:  Model  of  the  experimental  setup  used  at 
SPEAR  and  ALS. 


Figure  3:  ALS  measured  versus  fitted  Ta->b(s)- 


though  the  results  from  both  experiments  were  very  simi¬ 
lar.  The  ALS  measured  (solid)  versus  fitted  (dashed)  open- 
loop  beam  and  DSP  transfer  functions  are  shown  in  Figures 
3  and  4,  respectively.  In  general,  the  agreement  is  good, 
except  for  the  faster  roll  off  of  the  measured  responses. 
This  roll  off  was  probably  due  to  the  sample  and  hold  of 
the  DACs.  The  roll  off  at  very  low  frequencies  in  the  beam 
transfer  function  could  have  been  the  result  of  the  response 
of  any  of  the  other  components,  whose  frequency  responses 
were  assumed  to  be  flat. 

Figure  5  compares  the  ALS  measured  versus  theoretical 
closed-loop  responses,  for  several  different  loop  gains.  No¬ 
tice  that  the  damping  (as  measured  by  the  width  of  the 
resonances)  increases  with  loop  gain  for  loop  gains  of  -2  to 
-19dB.  However,  at  the  larger  loop  gains  of  24  and  29dB, 
the  feedback  actually  began  to  drive  new  resonances  at 
other  frequencies.  Thus  we  conclude  that  the  closed-loop 
system  using  FIR  feedback  is  conditionally  stable,  i.e.,  it 
is  stable  only  over  a  finite  range  of  loop  gains.  This  means 
that  there  is  actually  a  limit  to  the  amount  of  damping 
that  this  type  of  feedback  can  provide. 

Figure  6  shows  the  impulse  responses  corresponding  to 
the  loop  gains  above,  obtained  by  inverse  Fourier  trans¬ 
forming  the  frequency  responses  above.  As  expected,  the 
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Figure  4:  ALS  measured  versus  fitted  Tb-.c(*)- 
N  =  6,A  =  260". 


damping  time  constant  is  large  for  both  very  low  and  very 
high  loop  gains  and  is  the  shortest  at  19dB  (approximately 
two  cycles),  which  is  quite  sufficient  for  accelerator  physics 
purposes. 

Despite  their  unusual  appearance,  these  results  were  ac¬ 
tually  anticipated,  as  a  result  of  an  analysis  similar  to  the 
one  above. 

In  summary,  we  have  presented  an  analysis  of  results 
from  the  trials  of  a  single-channel  feedback  system  on 
single-bunch  beams  at  SPEAR  and  ALS.  The  results  were 
analyzed  by  modelling  each  branch  of  the  feedback  system 
with  a  transfer  function.  The  theoretical  and  measured 
closed-loop  performance  were  in  close  agreement.  Such  a 
rigorous  approach  is  necessary  in  the  analysis,  and  more 
importantly,  in  the  design  of  realistic  feedback  systems, 
such  as  the  proposed  PEP-II  multi-bunch  feedback  system. 
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Figure  5:  ALS  measured  versus  fitted  T%_B(s)  for  loop 
gains  of  -2,19,  24  and  29dB. 


Figure  6:  ALS  closed-loop  impulse  responses  for  loop 
gains  of  -2,19,  24  and  29dB. 
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Abstract 

A  VXI-based  Low  Level  RF  (LLRF)  system  has  been 
designed  for  the  Linac  Upgrade  project  at  Fermilab.(l]  The 
design  includes  not  only  amplitude  and  phase  feedback  around 
the  805  MHz  Klystron  and  side  coupled  cavities,  but  also  an 
adaptive  feedforward  circuit  to  compensate  for  beam  loading. 
In  this  paper,  we  will  concentrate  on  the  advantages  of  the 
VXI  environment  as  well  as  actual  system  performance. 

I.  INTRODUCTION 

Accelerator  RF  systems  have  had  higher  demands  placed 
on  them  in  the  last  decade,  both  in  performance  and 
flexibility.  This  has  led  to  the  use  of  embedded  micro¬ 
computers,  which  in  tum  creates  the  new  problems  of  mixing 
computer  and  RF  environments.  Needs  in  the  military  and 
industry  for  high  performance,  compact  Automated  Test 
Equipment  (ATE)  drove  the  development  of  the  VME 
Extensions  for  Instrumentation  (VXI)  standard  in  July 
1987.(2]  This  standard  addresses  the  issues  of  integrating  a 
flexible  instrumentation  system.  VXI  has  matured  in  the  last 
6  years  to  become  a  very  “friendly”  architecture  for  accelerator 
instrumentation. 

We  now  have  an  operational  RF  system  that  is  ready  for 
commissioning  later  this  year.  The  VXI  based  LLRF  has 
proven  to  be  flexible  and  reliable.  VXI  has  also  provided  a 
smooth  path  for  system  evolution. 

II.  LLRF  DESCRIPTION 

The  LLRF  provides  the  necessary  amplitude  and  phase 
feedback  control  for  the  12  megawatt  and  200  kilowatt  linac 
stations.  All  operational  levels  are  at  the  100  milliwatt  level 
or  below.  In  addition,  a  feedforward  loop  has  been  added  with 
the  use  of  local  VXI  based  computing  power.  Feedforward 
provides  the  extra  level  of  amplitude  and  phase  control  that  is 
required  due  to  beam  loading. 


The  LLRF  also  provides  the  capability  of  electronically 
adjusting  the  phase  of  each  individual  station  for  the  proper 
phase  advance  of  the  beam.  Waveguide  to  cavity  phase  is 
measured  for  the  temperature  regulation  of  the  cavities. 
Figure  1  is  a  block  diagram  of  the  RF  system. 

The  need  for  feedforward  is  most  critical  in  the  debuncher 
section.  The  debuncher  is  located  after  the  beam  chopper,  so 
all  beam  that  passes  through  it  is  injected  into  the  Booster 
accelerator.  In  order  to  limit  momentum  spread,  the  beam- 
induced  current  vector  in  the  cavity  must  be  countered  by  RF 
power  with  exact  timing,  amplitude  and  phase. 

The  correct  amplitude  of  the  feedforward  waveform  is 
computed  from  the  digitized  error  signals  of  the  magnitude  and 
phase  loops.  The  average  error  during  beam  loading  is 
subtracted  from  the  average  error  before  beam  loading.  This 
difference  is  multiplied  by  a  gain  factor  and  then  filtered  over 
many  RF  cycles  to  produce  the  amplitude  of  the  pulse.  The 
pulse  timing  is  selected  with  100ns  resolution  from  the 
control  system. 

III.  PLATFORM  CONSIDERATIONS 

One  of  our  goals  is  to  have  a  clean  topology  both  in 
functionality  and  in  physical  hardware.  Experience  with 
trouble-shooting  broken  accelerators  at  all  hours  of  the  day 
and  night  defines  the  need  for  straight-forward  signal  flow, 
limited  cabling  and  as  many  monitor  points  as  possible. 
Other  considerations  are  data  way  bandwidth,  triggering, 
power  supply,  module  size,  cooling,  electrical  shielding,  and 
integration  into  the  accelerator  control  system.  The  two 
solutions  proposed  are  a  VME/NIM  combination  and  VXI. 

In  the  VME/NIM  system,  both  the  computation  of  the 
feedforward  correction  and  data  acquisition  are  done  in  VME. 
The  RF  circuitry  resides  in  a  NIM  crate.  This  traditional 
solution  is  very  workable,  however,  it  requires  large  numbers 
of  interconnections  between  the  two  crates  of  high-speed 
analog  and  digital  signals. 
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With  the  VXI  platform,  all  system  functions  are 
provided  in  one  crate,  with  a  minimum  of  front  panel 
connections.  Much  of  the  VXI  backplane  capabilities  are 
utilized.  The  VME  bus  is  used  for  high  speed  communication 
between  the  CPU  and  the  RF  modules.  The  10  MHz  ECL 
clock  is  locked  between  all  stations  in  the  linac.  RF  events 
are  timed  from  the  trigger  bus.  Software  tasks  are  called  by 
the  interrupt  bus.  The  Local  Bus  is  used  for  both  analog  and 
digital  signals  between  modules.  The  mod  ID  line  is  used  by 
the  resource  manager  to  determine  hardware  configuration.  By 
knowing  the  crate  configuration,  the  CPU  knows  if  it  is 
controlling  one  or  two  RF  stations.  For  two  stations  the  first 
four  modules  are  shared.  A  VXI  crate  has  a  total  of  thirteen 
slots,  of  which  one  station  uses  seven  . 

•  HP  1 404A  slot  0  crate  controller 

•  Motorola  M VME  133  CPU 

•  I  MB  Battery  Backed  RAM 

•  Vertical  Interconnect:  a  fast  link  to  the  Linac 
Control  System. 

•  360  degree  Phase  Shifter/Detector 

•  LLRF  Module  (Shown  in  figure  2) 

•  Cavity  Temperature  Control  Loop  Phase  detector  and 
Startup  VCXO 

IV.  MEASURED  SYSTEM  PERFORMANCE 

Testing  of  the  low  level  system  with  real  beam  loading 
can  not  be  done  until  the  system  is  commissioned  later  this 
year.  For  this  reason,  we  built  a  test  box  to  introduce  an 
amplitude  and  phase  step  in  the  RF  drive  to  the  Klystron. 
While  this  cannot  simulate  effee  s  such  as  cavity  fill  time  or 


Q  shift,  it  does  give  us  a  good  measurement  of  system  loop 
gain  and  settling  time. 

Figure  3  shows  the  open  loop  response  of  the  system  to 
simulated  beam  loading.  The  dominant  pole  in  the  loop 
comes  from  the  loaded  Q  of  the  cavity.  The  measured 
unloaded  Q  of  the  cavity  is  20,000.  If  the  waveguide  was 
back-terminated  into  its  characteristic  impedance,  the  loaded  Q 
would  drop  to  10,000.  In  this  case,  there  is  no  circulator  in 
the  waveguide,  hence  much  of  the  return  energy  from  the 
cavity  is  reflected  off  of  the  Klystron  to  add  in  phase  with  the 
cavity  voltage. 


Figure  3.  System  open  loop  response  to  simulated 
7.5%  beam  loading  and  1 8  deg.  phase  shift. 
Klystron  operating  at  7.5  Mwatts, 


Figure  2.  Linac  Upgrade  Low  Level  RF  Module. 
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The  lower  power  loss  results  in  a  Q  of  about  1 300  and  a 
baseband  dominant  pole  of  32KHz  for  the  magnitude  and 
phase  detector  signals.  This  pole  combined  with  the  system 
group  delay  determine  the  maximum  gain  and  bandwidth  of 
the  feedback  loops. 

Figure  4  shows  the  corrected  cavity  voltage  waveform 
with  feedback  and  feedforward  on.  Feedback  loop  gains  are 
typically  13  dB  while  feedforward  is  unconditionally  stable 
with  loop  gains  of  46  dB. 


Figure  4.  System  response  to  simulated 
7.5%  beam  loading  and  18  deg.  phase  shift 
with  feedforward  on.  Klystron  is  operating 
at  7.5  Mwatts. 

The  response  of  the  HR  Filter  is  shown  in  figure  5. 
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Figure  5.  Phase  Shifter  and  Mixer  Drive  Signals 
Feedforward  "Learning"  response  to  a  10% 
amplitude  and  18%  phase  step. 


V.  SYSTEM  EVOLUTION  WITH  VXI 

When  we  started  testing  the  RF  system  with  a  real 
Klystron  and  cavity,  all  the  custom  circuitry  resided  on  one 
VXI  module.  We  have  since  added  two  more  custom 
modules.  Most  accelerator  electronics  are  by  nature 
development  projects.  Changes  to  the  original  concepts  and 
the  evolution  of  hardware  arc  a  natural  part  of  good 
engineering  practice.  Therefore,  it  is  important  that  the 
original  design  does  not  limit  growth.  VXI.  by  design,  is 
very  general  in  its  architecture  and  has  provided  us  with  a 
seamless  path  for  upgrades. 


We  designed  much  flexibility  into  the  LLRF  module.  By 
having  a  high  speed  computer  bus  directly  connected  to  the 
board,  it  is  easy  to  put  almost  any  parameter  of  interest  under 
computer  control.  By  building  in  a  16  channel  ADC,  we  are 
able  to  monitor  all  signals  of  interest  at  any  time  during  the 
RF  cycle.  Many  variables  in  the  feedforward  program  are 
parameters  in  the  control  system.  Operation  of  the  system 
relies  on  the  easy  access  to  control  and  monitor  points. 

During  early  running  at  the  test  station,  a  large  shift  in 
the  resonant  frequency  of  the  cavities  was  found  when  the  RF 
pulsed  drive  is  turned  off  for  even  a  few  seconds.  This  is 
caused  by  the  RF  heating  of  the  cavity  nose  cones  and  their 
short  thermal  time  constant.  With  the  cavity  off  resonance 
from  the  reference  oscillator,  there  is  a  large  amount  of 
reflected  power  back  to  the  klystron.  This  power  is  detected 
and  trips  the  klystron  protection  system  so  that  the  cavities 
will  never  warm  up.  A  local  VCO  was  added  to  track  the 
cavity  resonant  frequency  until  the  nose  cones  were  at 
operating  temperature.  At  this  point  the  reference  oscillator  is 
switched  back  in.  The  Cavity  Temperature  Control  Loop 
Phase -detector  and  Startup  VCXO  module  is  fairly  simple, 
requiring  only  a  few  channels  of  analog  and  digital  I/O.  To 
take  advantage  of  existing  hardware,  the  VXI  local  bus  was 
used  to  route  the  needed  signals  to  and  from  the  LLRF 
Module. 

Late  last  year  there  was  a  request  from  Beam  diagnostics 
for  a  360  degree  Phase  Shifter  and  Detector.  For  this  module 
we  took  advantage  of  a  commercial  VXI  interface  daughter 
card.[4]  The  daughter  card  provides  the  VME  bus  interface  as 
well  as  the  VXI  defined  registers.  This  interface  saved  us 
much  time  in  the  design,  layout,  and  trouble  shooting  of  this 
card. 


VI.  CONCLUSIONS 

A  low  level  RF  system  is  installed  and  tested  for  the 
Fermilab  Linac  Upgrade.  The  control  of  the  LLRF  has  taken 
advantage  of  the  VXI  architecture.  VXI  provides  both  the 
analog/RF  and  control  system  interface  environment  in  one 
packaging  scheme.  The  response  of  the  feedback  loops  to 
beam  loading  has  been  greatly  improved  by  a  learning  feed 
forward  algorithm.  Two  years  of  experience  with  the  VXI 
platform  has  proven  it  to  be  well  suited  to  accelerator 
instrumentation. 
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Abstract 

Dipole  coupled  bunch  oscillations  were  observed  at  an 
early  stage  of  LEP  commissioning  for  currents  above  about 
ISO  pA  per  bunch.  An  improvised  feedback  system,  acting  on 
the  phase  of  some  of  the  accelerating  cavities  was  developed 
and  has  been  in  operation  for  about  three  years.  However,  due 
to  the  small  bandwidth  of  the  RF  cavities  this  system  can 
only  be  used  with  four  bunches  or  less  per  beam.  With  plans 
for  eight  bunch  operation  (the  Pretzel  scheme)  the 
construction  of  a  dedicated  longitudinal  feedback  system  was 
approved  in  1991.  The  system  operates  at  999.95  MHz  with 
phase  modulation  of  a  200  kW  klystron  feeding  four  seven¬ 
cell  cavities.  The  necessary  bandwidth  of  260  kHz  is  obtained 
by  heavy  over-coupling.  With  a  total  cavity  voltage  of 
1.9  MV  a  damping  rate  of  about  450  s'1  is  obtained  with 
phase  excursions  of  one  radian.  The  system  has  been  in 
routine  operation  since  July  1992  with  a  feedback  cavity 
voltage  of  1.2  MV  and  a  damping  rate  of  about  100  s'1. 
Longitudinal  feedback  eases  operation  and  usually  increases 
the  maximum  currents  which  can  be  accumulated. 

I.  INTRODUCTION 

Longitudinal  instabilities  were  not  expected  in  LEP  before 
the  current  was  approaching  the  design  value  of  0.75  mA  per 
bunch.  However,  during  the  commissioning  of  the  collider  in 
1989,  coupled  dipole  oscillations  were  seen  at  currents  above 
about  0.15  mA  per  bunch  when  LEP  was  operated  with  four 
bunches  per  beam.  They  were  cured  with  an  improvised 
feedback  system  [1]  which  acts  on  the  beams  via  some  of  the 
accelerating  cavities.  A  fundamental  limitation  of  this  system 
is  the  narrow  bandwidth  of  these  cavities.  It  can  therefore  only 
be  used  for  beams  with  four  bunches  or  less.  With  plans  for 
eight  bunch  operation  in  LEP  [2],  a  longitudinal  feedback 
system  using  dedicated  cavities  was  therefore  prepared  and 
finally  approved  in  March  1991 . 

II.  S  YSTEM  REQUIREMENTS 

The  cost  of  a  high  power  RF  system  is  mainly  determined 
by  the  RF  power  requirement  which  is  calculated  from  the 
necessary  bandwidth  and  voltage.  High  frequency  operation  is 
advantageous  because  for  a  given  bandwidth,  cavity  length  and 
voltage,  the  required  power  decreases  with  frequency. 

A.  Bandwidth 

In  order  for  the  energy  error  of  each  bunch  to  be  corrected 
individually,  the  cavity  field  has  to  change  in  the  time  interval 
between  the  passage  of  two  bunches.  Therefore  the  longer  this 


time  interval,  the  higher  the  cavity  Q-value  which  can  be 
used.  In  the  case  of  two  counter-rotating  beams  of  eight 
bunches  this  time  interval  would  be  maximum  if  the  feedback 
cavities  were  located  l/16th  of  the  circumference  from  a 
collision  point  In  LEP  this  is  not  possible  and  the  only  free 
space  available  is  located  435  m  from  the  intersection  points. 
At  this  position  the  minimum  time  between  bunch  passages 
is  2.9  pis.  Assuming  that  in  this  time  interval  the  cavity  field 
should  reach  90  %  of  the  set  value,  the  required  cavity  filling 
time  is  1.26  ps  with  a  resulting  bandwidth  of  about  260  kHz. 

With  this  bandwidth  the  system  can  be  used  with  any  even 
number  of  bunches  up  to  12  and  if  the  cavity  bandwidth  is 
increased  to  300  kHz,  18  bunch  operation  is  also  possible. 

B.  Frequency 

By  choosing  a  frequency  of  about  1  GHz,  four  cavities  of  a 
type  developed  and  constructed  by  DESY  can  be  used.  Within 
their  tuning  range  the  exact  frequency  is  determined  by  the 
revolution  frequency  and  the  number  of  bunches  in  LEP.  If 
the  harmonic  number  is  a  multiple  of  360  the  feedback 
system  allows  operation  for  all  possible  number  of  bunches 
which  have  been  studied.  The  harmonic  number  is  then  found 
to  be  88920  and  the  frequency  999.9497  MHz  (247/87  fo). 
Using  a  frequency  which  is  not  an  harmonic  of  the  LEP  RF 
frequency  of  352.209  MHz  complicates  the  frequency 
generation  system  but  the  functioning  of  the  system  is  not 
effected. 

C.  Cavity  Voltage 

Four  seven-cell  cavities  are  used  for  the  system.  The 
260  kHz  bandwidth  is  obtained  by  lowering  the  loaded 
Q-value  with  strong  over-coupling.  A  cavity  voltage  of 
625  kV  is  expected  for  40  kW  at  the  input  coupler.  With  a 
generator  power  of  200  kW  and  20  %  wave  guide  losses  the 
total  voltage  for  four  cavities  is  about  2.5  MV. 

For  phase  modulation  with  a  modulation  index  of  n/2  the 
relationship  between  feedback  voltage,  UFB  and  feedback 
damping  rate,  aFB  is  [3]: 

1 1  _  2cTfbEo  (  AE 

where  frt0  is  the  LEP  revolution  frequency,  E0  the  energy 
and  AE  /  E0  the  maximum  likely  coherent  energy  oscillation. 
For  Eo  =  20  GeV  and  AE  /  E0  =  10-3  and  if  for  linearity 
reasons  the  phase  excursions  are  limited  to  one  radian  the 
feedback  voltage  is: 

L/fg  =  4.2  x  103afB 

giving  a  maximum  damping  rate  of  600  s'1. 
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in.  SYSTEM  DESCRIPTION 

The  dipole  oscillations  are  detected  by  the  system  which 
was  developed  for  the  first  feedback  system  [1]  where  the 
signal  from  a  sum  pick-up  is  phase  compared  with  the  RF 
frequency.  The  only  addition  required  is  a  time  multiplexing 
scheme  which  selects  the  signals  from  the  positron  and 
electron  bunch  oscillation  detector  in  such  a  way  that  the 
signal  from  a  particular  bunch  is  applied  to  the  cavities  during 
the  passage  of  the  same  bunch  one  turn  later. 

A  schematic  block  diagram  is  shown  in  Figure  1.  The 
feedback  signal  is  applied  to  a  fast  phase  shifter.  Phase 
modulation  has  been  chosen  in  order  to  operate  the  klystron 
with  constant  RF  power.  The  drive  level  dependent  phase  shift 
in  the  klystron  is  then  eliminated  and  the  cavity  tuning 
system  is  not  disturbed. 


Figure  1.  Block  diagram  of  the  feedback  system. 


The  1  GHz  signal  is  generated  in  a  voltage  controlled 
crystal  oscillator  locked  to  the  RF  frequency  (Figure  2).  In 
addition  because  the  frequency  of  the  system  is  not  a  harmonic 
of  the  RF  frequency,  synchronisation  to  one  of  the  beams  is 
required.  The  latter  is  obtained  from  a  sum  pick-up  signal 
processed  to  detect  the  beam  polarity  and  with  flip-flops  (FF) 
used  to  reset  a  counter.  When  available,  the  positron  bunches 
are  used  for  this  synchronisation,  otherwise  the  system 
switches  automatically  to  the  electron  bunches. 


Figure  2.  Schematic  diagram  of  the  frequency  generator. 


The  distance  between  the  power  generation  system  and  the 
cavities  is  about  180  m.  The  signal  for  the  klystron  phase 
loop  which  compensates  for  phase  variations  in  the  power 
generation  system  is  returned  from  the  cavity  end  through  a 
special  phase  stable  cable  which  has  a  delay  stability  better 
than  2  ppm/°C  at  500  MHz. 

B.  RF  Power  Generation  and  Distribution 

The  cavities  are  powered  by  a  200  kW  klystron,  operating 
at  999.95  MHz.  The  -1  dB  output  bandwidth  of  this  klystron 
is  ±  2  MHz.  A  60  W  solid  state  amplifier  drives  the 
klystron  via  a  short  length  of  coaxial  cable.  The  amplifier 
output  is  protected  from  any  load  mismatch  by  a  circulator. 

From  the  over-coupled  cavities  about  50  %  of  the  incident 
power  is  reflected.  In  order  to  protect  the  klystron  against 
these  reflections  a  waveguide  differential  phase  shift  circulator 
is  inserted  in  its  output  line.  The  rated  power  handling 
capability  of  the  circulator  is  400  kW  with  up  to  75  % 
reflections  at  any  RF  phase  angle.  Ports  three  and  four  are 
terminated  by  coaxial  water  loads  with  maximum  RF  power 
dissipation  ratings  of  100  and  40  kW  respectively. 

The  RF  power  is  transmitted  to  the  cavities  via  WR975 
waveguides  and  three  power  splitters  which  comprise  short- 
slot  waveguide  hybrids  with  coupling  factors  of  -6,  -4.77  and 
-3  dB,  thus  ensuring  equal  input  power  to  all  the  cavities. 
The  insertion  loss  of  the  180  m  long  waveguide  line  is  about 
1  dB,  which  means  that  at  200  kW  incident  and  100  kW 
reflected  RF  power  about  56  kW  is  dissipated  in  the 
waveguide  walls.  In  order  not  to  overload  the  air  ventilation 
system  of  the  LEP  tunnel  the  waveguides  must  be  water 
cooled.  An  extruded  A1  profile  with  a  cooling  water  channel 
was  therefore  bolted  on  the  centre  line  of  both  wide  sides  of 
each  waveguide.  At  a  water  flow  of  10 1/min  in  both  cooling 
channels  about  80%  of  the  power  dissipated  in  the  waveguides 
is  absorbed  by  the  water,  resulting  in  an  average  waveguide 
temperature  increase  of  only  6  °C  at  the  above  mentioned 
RF  power  flows. 

In  April  1993  the  vertical  200  kW  Philips  klystron 
V109SK  was  replaced  by  the  horizontal  EEV  model 
K  3440  C  which  provides  about  twice  the  output  power  of 
the  previously  installed  one. 

C.  Cavities 

DESY  generously  supplied  CERN  with  four  copper 
accelerating  cavities.  Each  cavity  consists  of  seven  pill  box 
cells  without  nose  cones,  cell  coupling  via  the  beam  hole. 
They  were  fully  equipped  with  tuners  in  the  third  and  fifth 
cells,  centre-cell  power  coupler  and  field  probes. 

The  required  bandwidth  was  achieved  by  strongly  over- 
coupling  the  power  coupler.  This  was  done  by  increasing  its 
penetration  by  25  mm  and  by  altering  the  field  distribution  by 
means  of  a  fixed  tuner  of  50  mm  diameter,  penetrating  21  mm 
into  the  centre  cell.  The  loaded  Q-values  thus  obtained  are 
between  3250  and  3950,  giving  a  bandwidth  between  253  and 
304  kHz.  The  unloaded  Q-value  was  measured  to  be  27000. 
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After  the  modifications  the  accelerating  field  flatness  in  the 
seven  cells  was  within  ±  8  %. 

The  RF  input  power  couplers  developed  by  DESY  are  a 
coaxial  type  with  a  brazed  ceramic  disk.  The  power  handling 
capability  was  increased  from  its  original  design  value  of 
40  kW  to  70  kW  by  modifications  to  the  air  cooling  system 
and  by  modifying  the  RF  contacts  on  the  inner  conductor. 

For  the  tuning  system,  wherever  possible,  equipment  built 
for  the  LEP  accelerating  cavities  was  used.  The  system  uses 
the  phase  between  the  forward  travelling  wave  taken  from  a 
directional  coupler  in  the  wave  guide  feeder  line  directly  in 
front  of  the  cavities  and  the  centre  cell  field  probe  for  tuning 
and  the  amplitude  ratio  between  the  third  and  the  fifth  cell 
probes  for  field  balancing.  The  tuners  are  driven  with  five- 
phase  stepping  motors.  The  tuning  range  is  about  4.1  MHz. 

Before  installation  in  LEP  all  the  cavities  were 
individually  conditioned  to  an  RF  power  of  70  kW. 

IV.  SYSTEM  PERFORMANCE 

The  phase  of  the  feedback  cavity  voltage  was  adjusted  with 
respect  to  the  352  MHz  RF  voltage  by  maximising  the 
synchrotron  frequency.  From  the  increase  of  this  frequency 
when  the  feedback  voltage  is  switched  on  the  actual  voltage  is 
found.  For  some  reasons,  possibly  bad  power  calibrations, 
this  voltage  is  about  20  %  lower  than  expected. 

A-  2  V  6 . 25ms 


Figure  3.  The  decrease  in  amplitude  of  the  dipole  bunch 
oscillations  when  the  feedback  is  switched  on.  The  damping 
time  constant  was  about  10  ms  with  a  cavity  voltage  of 
1.6  MV  and  a  current  of  100  pA  per  bunch. 

The  modulation  was  then  added  and  after  a  few  adjustments 
the  system  damped  all  eight  modes  of  the  two  eight  bunch 
counter-rotating  beams.  Figure  3  shows  the  decrease  in 
oscillation  amplitude  for  a  particular  bunch  when  feedback  is 
switched  on.  In  this  case  the  damping  time  was  about  10  ms 
with  a  feedback  cavity  voltage  of  1.6  MV.  The  rise  time  of 
the  oscillations  was  for  the  same  bunch  about  50  ms. 

The  spectra  shown  in  Figure  4  and  5  prove  that  all  modes 
are  damped. 
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Figure  4.  Spectrum  of  the  dipole  oscillations  for  an  eight 
bunch  positron  beam  of  100  pA  per  bunch.  The  synchrotron 
frequency  is  875  Hz  and  all  eight  modes  are  seen  as  sidebands 
to  the  revolution  frequency  of  11.25  kHz  and  its  harmonics. 
The  largest  amplitude  is  measured  on  the  mode  0  at  875  Hz, 
followed  by  mode  4  seen  at  44.1  and  45.86  kHz. 
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Figure  5.  The  spectrum  seen  in  Figure  4  measured  with 
longitudinal  feedback  and  a  voltage  of  1.2  MV.  All  eight 
modes  are  damped.  The  remaining  spectral  lines  are  the 
revolution  frequency  and  its  first  three  harmonics. 

The  system  is  now  used  routinely  during  accumulation  at 
20  GeV  with  a  feedback  voltage  of  1.2  MV  which  requires  a 
klystron  output  power  of  90  kW.  After  acceleration  to  the 
collision  energy  of  about  45.6  GeV  where  longitudinal 
feedback  is  not  required  the  system  is  switched  off. 
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ABSTRACT 

Major  changes  in  the  Stacktail  Momentum  Stochastic 
Cooling  system  have  resulted  in  an  improved  stacking  rate  as 
well  as  the  capability  to  stack  larger  quantities  of  antiprotons. 
Both  these  effects  result  in  higher  initial  and  integrated 
luminosity  for  colliding  beam  physics.  An  over  view  of  the 
changes  and  actual  system  performance  will  be  presented. 

I.  INTRODUCTION 

Since  our  initial  report  in  1987  [1],  a  number  of  changes 
have  been  made  to  this  cooling  system.  It  was  discovered 
early  in  the  history  of  the  Antiproton  source  that  excessive 
transverse  core  heating  by  the  stacktail  system  was  limiting 
the  maximum  core  size.  A  subset  of  four  of  the  twenty 
kickers  was  implemented  as  transverse  kickers  to  minimize 
this  effect  The  original  twenty  kickers  have  been  totally 
replaced  with  sixteen  new  planar  loop  design  kickers. 

Although  the  superconducting  notch  filters  performed 
admirably  through  their  life,  there  was  the  added  expense  of  the 
liquid  helium.  These  filters  were  replaced  with  Bulk  Acoustic 
Wave  (BAW)  filters  [2]  that  save  approximately  S200K  in 
annual  operations  costs.  A  system  equalizer  was  also  designed 
to  maximize  the  system  bandwidth.  Finally,  even  with  the 
new  kicker  design  there  is  still  core  transverse  heating.  A 
special  hybrid  [3]  has  been  used  for  the  same  subset  of 
transverse  kickers,  but  now  these  same  kickers  are  both 
longitudinal  and  transverse. 

n.  NEW  PLANAR  LOOP  KICKERS 

The  purpose  of  Stack  Tail  Momentum  Kicker  Ungrade  was 
to  minimize  the  betatron  heating  of  the  core  due  to  the  stack 
tail  momentum  stochastic  cooling  system.  Previous  to 
implementing  the  upgrade,  the  gain  of  the  stack  tail  system 
had  to  be  reduced  so  as  not  to  heat  particles  in  the  core  orbit, 
essentially  kicking  them  out  of  the  machine.  This  condition 
was  most  prominent  with  a  large  number  of  particles  in  the 
core.  The  reduced  gain  of  the  stack  tail  system  resulted  in  a 
decreased  stacking  rate.  The  betatron  heating  of  the  core  is 
caused  by  a  transverse  component  of  kick  given  by  the  kicker 
electrodes.  The  transverse  kick  results  from  the  fact  that 
transverse  pairs  of  kicker  electrodes  are  not  electrically  identical 
and  are  not  centered  with  respect  to  the  beam. 

To  reduce  the  transverse  kick,  the  entire  kicker  tank  is 
aligned  with  respect  to  the  core  orbit.  The  previous  stack  tail 
system  consisted  of  twenty  kicker  arrays  contained  in  three 


vacuum  tanks.  Each  array  was  powered  by  a  pair  of  TWTs.  An 
exact  cancellation  or  the  transverse  kick  could  not  occur 
because  the  frequency  response  of  the  each  TWT  and  the 
electrical  center  of  each  array  was  not  identical.  The  upgraded 
system  consists  of  sixteen  arrays  contained  in  eight  vacuum 
tanks.  Since  the  number  of  TWTs  per  vacuum  tank  is  much 
lower,  the  variation  of  the  transverse  kick  due  to  the  variation 
in  the  frequency  response  of  the  TWTs  was  reduced. 

The  kicker  arrays  of  the  previous  system  were  fabricated 
with  three  dimensional  stripline  electrodes  [4],  The 
reproducibility  of  the  electrodes  was  on  the  order  of  0.030 
inch.  The  electrodes  were  suspended  mechanically  into  a  tube 
of  rolled  stainless  steel.  Due  to  the  mechanical  nature  of  the 
rolled  stainless  steel  tubes,  the  alignment  of  the  arrays  to  beam 
center  varied  by  as  much  as  ±0.020  inch  along  the  length  of 
the  array. 

As  part  of  the  upgrade,  the  three  dimensional  arrays  were 
replaced  with  planar  loop  arrays.  Planar  loops  were  developed 
for  use  in  Bunched  Beam  Stochastic  Cooling  in  the 
TEVATRON  [5].  The  loops  are  fabricated  on  one  side  of  a 
printed  circuit  board  and  the  combiner  board  is  placed  on  the 
other  side.  Because  the  arrays  are  etched  using  printed  circuit 
techniques,  the  reproducibility  of  the  electrodes  in  on  the  order 
of  0.001  inch.  Since  the  printed  circuit  material  is  semi- 
flexible  it  can  be  supported  with  a  machined  aluminum 
backing  to  obtain  an  accuracy  of  alignment  on  the  order  of 
0.001  inch.  In  addition,  since  the  electrodes  and  the  electrode 
combiner  are  on  the  same  circuit  card,  the  arrays  can  be  made 
substantially  smaller. 

As  in  the  previous  system,  four  sets  of  kicker  electrodes 
were  wired  in  the  transverse  mode  to  compensate  for  the 
transverse  kick  of  the  rest  of  the  kicker  tanks..  Each  set 
corresponds  to  a  different  transverse  plane  and  a  different 
position  in  the  lattice.  The  four  sets  of  transverse  electrodes  are 
gain  and  phase  adjusted  to  minimize  the  net  transverse  kick 
given  by  the  entire  stack  tail  system.  However,  since  the 
frequency  response  of  electrodes  wired  in  the  transverse  mode  is 
different  from  tire  net  transverse  kick  of  all  the  other  electrodes, 
the  transverse  kick  is  not  eliminated  but  is  reduced  by 
approximately  10  dB.  Because  the  number  of  tanks  was 
increased  from  three  to  ten,  tire  space  allocated  for  vacuum 
flanges  and  bellows  in  between  tank.s  was  increased.  To 
accommodate  for  this  added  space,  four  kicker  arrays  were 
sacrificed  in  the  upgrade.  However,  in  the  upgrade,  the 
transverse  compensating  kickers  were  also  driven  in  the  sum 
mode  to  provide  extra  longitudinal  kick.  Thus  die  number  of 
longitudinal  kicker  arrays  before  and  after  die  upgrade  was  kept 
constant.  Ihe  sum  and  difference  mode  hybrid  used  to  combine 
die  transverse  and  longitudinal  kick  had  to  have  superb  balance 
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in  order  to  not  add  extra  unwanted  transverse  kick  from  the 
sum  mode  ports[3]. 

ffl.  NOTCH  FILTERS 

The  original  notch  filters  included  the  Traveling  Wave 
Tubes  (TWTs)  as  part  of  the  third  notch  filter.  This  presented 
operational  difficulty  as  the  gain  and  phase  of  the  TWTs  and 
their  driver  amplifiers  had  to  be  very  carefully  matched.  Every 
time  one  of  these  components  required  replacement,  there  was 
degradation  in  filter  #3  performance,  i.e.  there  is  no  such  thing 
as  an  exact  replacement.  The  original  reason  for  doing  this 
was  to  reduce  odd  order  intermodulation  products.  Careful 
study  showed  that  the  reduction  in  intermodulation  distortion 
did  not  warrant  the  added  complexity  of  the  filter.  Because  of 
the  added  active  components  within  the  correlator,  vector  gain 
balance  was  compromised  and  maximum  notch  depth  was  only 
15  to  20  dB. 

The  new  notch  filters  are  three  passive  BAW  devices  that 
require  only  temperature  stabilization  for  reliable  performance. 
The  number  of  kicker  TWTs  has  been  reduced  from  40  to  16 
further  increasing  system  reliability.  The  maximum  notch 
depth  is  25  to  40  dB  for  this  filter  which  is  a  marked 
improvement  over  the  previous  filter. 

IV.  SYSTEM  EQUALIZER 

With  the  availability  of  microwave  simulation  software 
[6]  we  were  able  to  design  a  custom  system  equalizer  to 
improve  system  bandwidth.  An  open  loop  measurement  of  the 
system  was  made  that  included  both  the  electronic  and  beam 
transfer  functions.  This  data  was  entered  into  the 
optimization  software  to  develop  a  custom  equalizer.  The 
circuit  is  a  stripline  design  that  incorporates  quadrature  hybrids, 
coupled  lines,  and  a  Schiffman  phase  equalizer.  Figure  1 
shows  the  improvement  in  cooling  bandwidth  with  the 
equalizer. 


The  main  injector  era  requires  improvement  of  source 
stacking  rate  to  1.5  xlO11  per  hour  and  stack  sizes  of  2  x 
1012.  At  this  time  it  is  not  clear  if  the  present  system  can 
handle  these  requirements.  Eighty-five  percent  of  all  pbars 
produced  at  the  target  are  presently  stacked.  The  main  injector 
may  eventually  more  than  double  the  amount  of  available 
pbars  hence  potentially  saturating  the  system.  Before  the  end 
of  the  current  run,  we  are  proposing  reversal  of  magnet 
polarity  so  that  a  careful  study  of  stacking  protons  can  be  made 
in  an  attempt  to  find  the  maximum  stack  rate  of  the  present 
system.  (Targeting  protons  can  easily  simulate  the  expected 
new  Pbar  production  rate.) 

The  improvement  in  stacking  of  pbars  is  also  due  to 
improvements  made  in  the  debuncher  cooling  systems.  Since 
1987,  a  new  debuncher  momentum  cooling  system  has  been 
installed  and  the  transverse  cooling  systems  have  had  their 
power  doubled.  Also  the  Bunch  Rotation  voltage  of  the 
Debuncher  has  been  increased  to  5.1  M Volts.  The  main  ring 
is  once  again  supplying  2  x  10^  protons  per  pulse  to  the 
target  station. 
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Shortly  after  commissioning  the  new  system,  there  was 
some  skepticism  as  to  how  well  it  was  functioning.  Initial 
stacking  rates  were  only  80%  to  90%  of  the  old  system.  After 
a  couple  of  months  of  tuning  the  entire  accumulator  complex, 
stacking  rates  have  exceeded  4.5  x  1010  per  hour.  Stacking 
rate  is  about  double  the  best  rate  of  the  original  system  and 
closing  in  on  the  design  book  value  of  1.0  x  1011  per  hour. 
The  current  maximum  stack  size  is  1.45  x  1012.  The  design 
book  value  for  this  parameter  was  4  x  1011.  The  production 
efficiency  of  pbars  from  protons  is  consistently  in  the 
neighborhood  of  15  parts  per  million  now  as  opposed  to  10  to 
12  parts  per  million  before  the  upgrades.  (Figure  2)  This 
number  folds  in  all  factors  of  accumulation  showing  a  definite 
improvement  in  system  performance.  For  comparison,  1988- 
89  collider  run  performance  was  a  stack  rate  of  1.6  x  1010  per 
hour  and  a  production  efficiency  of  6  parts  per  million.  Figure 
3  shows  a  comparison  of  stacking  statistics  for  the  present  run 
and  that  of  the  1988-89  collider  run. 
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equalizer  system  calculated  cooling  bandwidth  is  803  MHz. 
Bottom:  after  equalizer  system  calculated  cooling  bandwidth  is 
1151MHz. 
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Abstract 

The  beam  energy  of  CEBAF  must  be  accurately  con¬ 
trolled  for  precise  physics  experiments.  In  order  to  achieve 
a  relative  energy  spread  better  than  <te/E  =  2.5  x  10~s,  a 
feedback  system  is  needed  to  stabilise  the  energy  against 
phase  and  amplitude  fluctuations  in  the  individual  cavi¬ 
ties.  In  the  energy  vernier  system,  the  energy  deviation  of 
the  beam  is  measured  at  a  location  with  high  dispersion. 
The  error  signal  controls  the  accelerating  gradient  of  se¬ 
lected  vernier  cavities.  The  methods  used  to  correct  the 
energy  will  be  discussed,  as  well  as  the  noise  sources  in  the 
system.  The  results  of  beam  tests  at  the  CEBAF  north 
linac  will  also  be  reported. 

I.  INTRODUCTION 

The  functions  of  the  energy  vernier  are  to  stabilise 
the  average  energy  of  the  emerging  beam  and  to  set  the 
RF  phases  in  the  cavities  in  a  way  that  minimises  the  en- 
ergy  spread.  In  this  paper  it  is  proposed  that  the  first 
function  is  accomplished  by  a  dedicated  fast  spectrometer- 
based  feedback  system.  The  second  problem  is  solved  using 
a  low-noise  phase  shifter  between  the  master  oscillator  and 
the  phase  reference  line  to  optimise  the  overall  linac  phase. 

A.  Requirements  of  the  Energy  Vernier 

Ideally,  the  RF  system  is  timed  so  the  bunches  arrive 
synchronised  with  the  RF;  the  bunch  centroid  (in  phase) 
should  coincide  with  the  RF  crest.  Mathematically,  the 
requirement  is 

0»  =  J  6fn(E,e)dEd0  =  0 

where  fn(E,9)  is  the  single-particle  longitudinal  distribu¬ 
tion  function  of  the  beam  electrons  as  they  enter  the  nth 
cavity,  E  is  the  kinetic  energy,  and  9  is  the  phase  with  re¬ 
spect  to  the  RF  in  the  nth  cavity.  Performing  the  proper 
statistical  average  to  obtain  the  rms  relative  energy  spread 
at  the  end  of  the  machine  yields 

Tmt/T*  =  ^m»/T3  +  00 /2 

where  T  is  the  total  energy,  Emt  is  the  rms  energy  spread 
at  injection  and  is  the  rms  phase  spread.  The  beam 
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emerging  from  the  ideal  system  has  a  finite  energy  spread 
because  of  the  finite  energy  spread  at  injection  and  because 
of  the  finite  bunch  length.  For  CEBAF  at  full  energy,  the 
first  term  in  the  sum  is  negligible  compared  to  the  second 
term. 

When  errors  derived  from  the  RF  system  are  included 
[1],  and  when  it  is  assumed  that  the  vernier  operates  per¬ 
fectly,  the  relative  energy  spread  is 

TLJT*  =  E^/T*  +  <r*/ 2  +  <r|  f>„  -  *)'/N2 

»=1 

+<r?(<rf /2  +  <r|  )/N  +  (<ta/A)2/N  (1) 

assuming  the  fast  errors  in  different  cavities  are  statisti¬ 
cally  independent  and 

WT  =  y/E^/T*  +  {a2  +  *2)'/2  +  (a a/ A)2  (2) 

assuming  the  fast  errors  are  completely  correlated.  In  these 
equations,  07  denotes  the  rms  phase  spread  emerging  from 
the  ugector,  07  denotes  the  rms  fast  phase  error  in  the 
field  of  the  accelerating  cavities  (e.  g.,  those  in  the  RF  con¬ 
trols),  <f> n  is  the  slow  phase  error  of  the  nth  cavity  (e.  g., 
those  from  thermal  drift  in  the  phase  line),  $  is  the  phase 
introduced  by  the  vernier  to  minimise  the  energy  spread 
(usually  $  «  £2n=1  </>n/N),  <ta/A  is  the  rms  relative  am¬ 
plitude  fluctuation  in  the  cavities,  and  N  is  the  number  of 
cavities. 

To  achieve  the  requisite  energy  spread,  the  following 
specifications  were  used  in  the  CEBAF  RF  system  design: 

Table  1  RF  Tolerances  Yielding 
2.5xl0-8  rms  Relative  Energy  Spread  [2] 


07 

0.27° 

UNCORRELATED 

ERRORS 

<ta/A 

2.0  xlO 

0.25° 

<r. 

2.6° 

CORRELATED 

ERRORS 

<*a/A 

1.1x10' 

*1 

0.13° 

Because  a  gradient  error  in  the  vernier  is  directly  an 
energy  error  on  the  beam,  the  requirement  on  the  gradient 
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Production  Efficiency  vs.  Stack  Size 
Collider  Run  1989 


Stack  Size  ( 10^°) 


The  goal  for  peak  luminosity  in  the  Tevatron  for  the 
present  collider  run  was  5  x  1030.  Due  in  large  part  to  the 
ability  to  accumulate  more  antiprotons  in  a  shorter  time  that 
goal  was  shattered.  The  present  peak  luminosity  achieved  is  9 
x  1030  with  new  records  being  achieved  weekly. 
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Figure  2.  Comparison  of  production  efficiency  between 
1989  collider  run  and  present  1992-93  run. 
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Figure  3.  Comparison  of  stacking  performance  between 
present  collider  run  and  1988  collider  run. 
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vernier  system  is  that  the  corrected  energy  error  be  less 
than  the  expected  energy  spread;  choosing  an  rms  error  less 
than  1.0x10"*  gives  less  than  15%  energy  spread  growth. 

Because  vernier  phase  errors  appear  like  any  other  cor¬ 
related  phase  error,  the  vernier  must  correct  the  average 
phase  to  under  a  bunch  length;  0.05°  is  the  design  require¬ 
ment  chosen. 

B.  Basie  Description  the  Energy  Vernier 

A  schematic  of  the  vernier  scheme  appears  in  Fig.  (1). 
The  gradient  portion  of  the  vernier  system  is  based  on  a 
“spectrometer”  that  exists  in  the  first  CEBAF  arc  [3,4]. 
The  beam  produces  a  BPM  signal  at  a  location  of  high 
dispersion  in  the  lattice.  The  signal  is  converted  to  base¬ 
band  and  compared  to  a  BPM  set  voltage  that  is  obtained 
from  the  computer  control  system.  The  difference  signal  is 
sent  to  the  gradient  set  in  the  RF  controls  of  two  vernier 
cavities  that  have  opposite  coupler  kicks. 


Figure  1  Schematic  of  Energy  Vernier 

The  phase  portion  of  the  vernier  system  is  based  on  a 
computer  controlled  electronic  phase  shifter.  The  low  noise 
phase  shifter  shifts  the  phase  of  the  phase  line  going  to  the 
individual  linac  sections.  This  has  the  effect  of  shifting  the 
phases  of  all  the  cavities  in  the  linac  section  with  respect 
to  the  beam.  Then,  using  the  procedure  outlined  below, 
the  correct  offset  phase  is  computed  and  updated  through 
the  computer  control  system. 

II.  VERNIER  SYSTEM 

A.  Gradient  Control 

More  detail  on  the  feedback  system  is  given  in  Fig.  (2). 
The  open-loop  gain  of  the  feedback  system,  Goi,  is 

Got  =  NaGaGdSD/E0, 

where  N  is  the  number  of  vernier  cavities,  a  is  the  RF 
control  module  amplitude  conversion  ratio  in  MeV /V,  Ga 
is  any  amplifier  gain  inside  the  loop,  Gd  is  the  differential 
gain  of  the  position  set  amplifier,  5  is  the  sensitivity  of 
the  BPM  in  V/m  offset,  D  is  the  dispersion  at  the  BPM 
location  in  m,  and  Eo  is  the  total  energy  at  the  vernier.  Nu¬ 
merical  values  consistent  with  the  current  CEBAF  designs 
are  a  =  0.5  MeV/V,  D  =  10  m,  and  S  =  140  mV/mm. 
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Figure  2  Detail  on  Gradient  Vernier 

The  main  noise  source  for  this  system  is  the  energy 
error  from  the  slow  phase  errors  in  the  RF  system,  denoted 
by  A E.  As  usual,  the  regulated  energy  gain  error,  6E,  is 
suppressed  relative  to  the  noise  by  the  closed-loop  gain  of 
the  system, 

c  _  A  E 

~  (1  +  Goi) 

The  largest  slow  phase  error  that  is  expected  is  around 
1.5°.  To  suppress  the  energy  error  generated  by  such  a 
phase  error  to  1  x  10~B  requires  an  open-loop  gain  of  100. 
Such  a  gain  is  achieved  with  G„  •  G*  «  40  with  two  vernier 
cavities. 

Two  problems  in  this  scheme  might  be  anticipated. 
The  first  is  that  tilt  misalignment  of  the  vernier  cavities 
would  invalidate  the  approach.  A  tilt  misalignment  has 
the  effect  of  mimicking  the  dispersion  in  measurements  at 
a  given  BPM.  A  simple  calculation  gives 

Deg  =  D  +  Mij  sin(ai)  +  M?7  rin(a}) 

where  the  Afijs  are  transfer  matrix  elements  between  the 
vernier  cavities  and  the  BPM  and  the  as  are  tilt  misalign¬ 
ment  angles  [3].  However,  if  the  dispersion  is  different,  this 
has  an  effect  only  on  the  closed-loop  gain  of  the  feedback 
loop,  which  can  always  be  increased  as  needed. 

A  more  substantial  problem  is  beam  missteering  which 
causes  position  errors  in  the  BPM  unrelated  to  the  energy 
fluctuations.  One  way  to  solve  this  problem  is  to  have  an 
orbit  lock  before  the  spectrometer  to  guarantee  tl  at  steer¬ 
ing  errors  are  corrected  before  entering  the  spectrometer. 
The  high  regulation  of  the  arc  dipole  power  supplies  en¬ 
sures  that  negligible  error  is  introduced  by  the  bend. 

B.  Phase  Control 

In  more  detail,  the  software  phase  control  procedure 
is  outlined  in  the  flow  chart  in  Fig.  3.  After  tuned  beam 
is  placed  on  the  vernier  BPM,  the  BPM  reading  is  saved 
and  used  as  an  offset  for  subsequent  calculations.  The 
hardware  and  software  control  is  activated.  If  the  gradient 
control  is  activated,  the  beam  remains  fixed  in  the  BPM. 
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The  software  can  correct  on  the  gradient  control  signal. 
The  accuracy  of  the  control  is  equal  to  the  permitted  range 
in  the  software  loop.  The  response  time  of  the  system,  at 
present  limited  by  BPM  acquisition  time,  is  of  order  5  sec. 


Figure  3  Software  Phase  Control  Procedure 
for  the  Vernier 

III.  RESULTS 


Initial  tests  were  performed  on  both  the  hardware  and 
software  portions  of  the  vernier  system.  Both  tests  were 
based  on  the  BPM  in  the  first  spreader  of  the  CEBAF 
accelerator.  The  test  BPM  was  at  a  location  where  the 
dispersion  is  about  1.4  m. 

In  the  hardware  test,  an  energy  modulation  was  intro¬ 
duced  into  the  beam  at  cavity  NL18-8.  The  square  wave 
energy  modulation  had  a  frequency  from  1  Hs  up  to  30 
Hs.  Cavities  NL13-7  and  NL13-8  were  used  as  the  vernier 
cavities.  At  1  Hs  modulation  frequency,  when  the  loop  was 
closed  the  modulation  was  corrected  by  20%.  Saturation 
of  a  preamp  in  the  feedback  chain  prevented  higher  loop 
gains  from  being  achieved. 

Two  simple  modifications  of  the  hardware  should  yield 
substantial  improvements  on  this  result.  First  is  to  in¬ 
crease  the  amplitude  conversion  ratio  in  the  RF  control 
module.  A  factor  of  ten  increase  has  been  implemented 
in  the  vernier  controls  but  not  tested  with  beam.  Sec¬ 
ondly,  when  the  arc  is  run  in  a  high  dispersion  mode  where 
D  fa  10,  there  should  be  another  factor  of  seven  improve¬ 
ment  in  gain,  with  no  additional  electronic  noise. 

A  final  factor  of  five  should  be  possible  by  going  to 
more  sophisticated  BPM  front  end  electronics.  Such  elec¬ 
tronics  are  being  developed  for  this  purpose,  for  fast  orbit 
lock  purposes,  and  also  for  fast  time  plots  from  the  BPMs. 

The  software  vernier  was  tested  successfully.  With  the 
hardware  system  off,  the  software  algorithm  was  used  to 
correct  the  linac  phase  using  the  BPM  output  from  the 


same  spreader  BPM.  The  result  was  that  the  beam  was 
held  stably  to  under  0.5  mm  by  adjustments  of  the  overall 
linac  phase  alone  for  periods  of  several  minutes.  With  a 
dispersion  of  1.4  m,  this  means  the  energy  error  was  held  to 
under  2.5  x  10~4.  The  stability  of  the  algorithm  was  also 
investigated  by  forcing  the  loop  to  go  unstable  by  input 
parameter  adjustment,  and  by  restoring  the  correct  input 
parameters.  Energy  errors  up  to  2.5  x  10~*  were  induced 
and  reproducibly  corrected  by  the  algorithm. 

When  the  software  is  used  to  do  energy  corrections 
with  the  10  m  dispersion  of  the  final  system,  the  energy 
error  will  be  under  2.5  x  10~8,  about  a  factor  of  two  from 
the  ultimate  goal.  It  is  thought  that  suitable  optimisation 
of  the  feedback  loop  algorithm  will  allow  us  to  achieve  the 
final  goal. 

IV.  CONCLUSIONS 

A  feedback  system  control  scheme  has  been  used  for 
the  energy  vernier.  The  amplitudes  of  the  vernier  cavities 
are  adjusted  to  produce  a  constant  position  in  a  BPM  at 
a  high  dispersion  point.  To  set  the  phase  for  minimum 
energy  spread,  a  correlated  phase  shift  is  introduced  into 
the  section  of  linac  to  be  phased,  and  the  gradient  signal 
in  the  vernier  cavities  responds  with  enough  sensitivity  to 
unambiguously  determine  the  correct  phase  shift. 

Prototype  designs  of  the  electronics  for  the  energy 
vernier  system  have  been  completed.  The  resulting  elec¬ 
tronics  have  been  tested  with  beam  during  the  recent  CE¬ 
BAF  run.  The  results  were  not  entirely  satisfactory  be¬ 
cause  the  dispersion  at  the  BPM  used  in  ihe  studies  was 
not  as  large  as  in  the  final  system.  Additionally,  amplifier 
saturation  limited  the  performance  of  the  closed-loop  sys¬ 
tem,  but  this  problem  should  be  solved  during  the  next  it¬ 
eration,  where  the  amplitude  conversion  constant  of  the  RF 
controls  is  increased.  After  these  improvements,  achieving 
the  energy  specification  will  be  possible. 

The  software  phase  correction  algorithm  was  success¬ 
fully  implemented  and  tested  on  a  low-dispersion  BPM. 
The  energy  error  was  corrected  to  under  2.5  x  10~4  for  drift 
times  longer  than  a  few  seconds.  When  the  experiment  is 
repeated  with  a  BPM  at  a  higher  dispersion  location,  the 
energy  error  will  be  under  2.5  x  10-5. 

More  work  needs  to  be  done  on  orbit  locking  hardware 
and  software  to  ensure  that  position  offsets  at  the  BPM  are 
totally  correlated  with  energy  offsets. 
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Abstract 

Beam  energy  and  phase  in  a  Linac  are  important  parameters 
to  be  measured  in  order  to  tune  the  machine.  They  can  be  calcu¬ 
lated  by  the  time  of  flight  of  a  beam  bunch  over  a  known  dis¬ 
tance  between  two  locations,  and  by  comparing  the  phase  of  a 
cavity  to  the  beam  phase.  The  phase  difference  between  two 
signals  must  be  measured  in  both  cases,  in  order  to  get  the 
information  required.  The  electronics  to  be  used  for  this  mea¬ 
surement  must  meet  stringent  requirements:  high  bandwidth, 
good  accuracy  and  resolution  have  always  been  a  challenge  for 
classical  analog  solutions.  A  digital  approach  has  been  investi¬ 
gated,  which  provides  a  good  resolution,  accuracy  independent 
on  the  phase  difference  value,  good  repeatability  and  reliability. 
Numerical  analysis  have  been  performed,  showing  the  system’s 
optimal  performance  and  limitations.  A  prototype  has  been 
tested  in  the  laboratory,  which  confirm  the  predicted  perfor¬ 
mance,  and  proves  the  system’s  feasibility. 

I.  INTRODUCTION 

The  phase  difference  between  the  beam  and  the  RF  refer¬ 
ence  must  be  measured  in  order  to  get  information  for  delta-t 
and  phase  scanning.  Purpose  of  the  delta-t  measurement  is  to 
calculate  the  time  of  flight  between  two  locations,  to  be  com¬ 
pared  with  the  model.  This  is  done  by  switching  a  cavity  OFF 
and  ON  and  by  calculating  the  difference  between  the  two  mea¬ 
surements.  When  two  of  these  measurements  are  taken  at  two 
different  locations,  the  difference  between  the  two  measured 
values  gives  information  about  the  time  of  flight.  The  time  can 
be  then  calculated  using  the  following  equation: 


where  A$  =  A^  -  A^,  A$j  =  ♦,  off  *$i  on>  and  A$2  =  ^  off  * 
♦2  ON*  w>th  ♦off  and  ♦on  the  phase  difference  between  beam 
and  RF  reference  at  the  locations  1  and  2,  respectively  when  the 
cavity  is  OFF  and  ON. 

Purpose  of  the  phase  scanning  measurement  is  to  changed 
the  phase  of  the  cavity  respect  to  the  RF  reference,  and  to  mea¬ 
sure  the  phase  variation  of  the  beam  with  respect  to  the  same 
reference.  Since  only  phase  differences  are  needed,  none  of  the 
measurements  requires  absolute  phase  knowledge.  The  phase 
measurements  requirements  are  shown  in  table  1 . 

Analog  solutions  have  been  used  so  far  for  these  applica¬ 
tions  [1,21.  The  problems  connected  with  an  analog  system  are 
well  known:  phase  shifter  linearity  and  temperature  stability. 


*Opanied  by  the  Univenity  Research  Auociatkn,  be.,  for  the  U.S. 
Department  of  Energy  aider  contract  No.  DE-AC35-89ER40486 


limiter  phase  linearity,  phase  detector  dynamic  range,  video 
bandwidth  etc...  All  these  reasons  induced  the  author  to  find  an 
alternative  solution  which  didn’t  present  these  problems. 

Table  1 


Phase  measurement  requirements. 


Item 

Value 

Phase  dynamic  range 

360  deg 

Resolution  (minimum  phase  difference) 

0.5  deg  rms 

Repeatability  (respect  to  RF  reference) 

0.5  deg  rms 

RF  frequency 

428  MHz 

Beam  current  dynamic  range 

5  -  50  mA 

Sample  time 

5  (is  -  35  ps 

Repetition  rate 

10  Hz 

The  architecture  shown  in  figure  1  solves  the  problems 
given  by  limiters  and  phase  shifter,  and  realizes  a  360  degrees 
phase  detector  with  200  KHz  video  bandwidth.  The  video 
bandwidth  is  limited  by  the  technology  used  for  this  particular 
system,  given  the  requirements.  The  current  technology  would 
allow  to  reach  more  than  2  MHz  video  bandwidth. 


II.  GENERAL  ARCHITECTURE 

The  two  input  signals  are  undersampled  and  the  phase  dif¬ 
ference  is  calculated  using  a  curve  fitting  algorithm. 
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Figure  1.  General  architecture. 

The  main  harmonic  is  selected  and  the  signal  is  downcon- 
verted  to  a  frequency  compatible  with  the  track  and  hold  input 
analog  bandwidth.  The  ADC’s  sampling  rate  is  chosen  in  order 
to  get  a  reasonable  number  of  points  in  the  measurement  time 
interval. The  software  curve  fits  the  two  sampled  signals  with 
the  best  sinewave  [3],  and  calculates  the  phase  of  the  two  sig¬ 
nals.  The  phase  difference  is  then  computed. 

The  428  MHz  signals  are  downconverted  to  60  MHz,  the 
track  and  hold  used  is  the  Analog  Devices  AD9100,  and  the 
ADC  is  the  Datel  ADS1 18,  a  12  bits  ADC  whose  maximum 
sampling  rate  is  5  MHz.  Two  RF  amplifiers  are  installed  in 
front  of  the  track  and  holds  in  order  to  provide  the  required 
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with  some  algebra: 


amplitudes  in  input.  A  variable  gain  amplifier  after  the  track 
and  hold  in  the  beam  signal  channel  compensates  for  the  beam 
current  fluctuations.  The  timing  diagram  of  the  sampling  pro¬ 
cess  is  shown  in  figure  2. 
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Figure  2.  liming  diagram  of  the  sampling  process. 

Channel  3:  input  signal,  channel  1 :  output  data  from  the 
track  and  hold,  channel  2:  ADC  sampling  clock. 

HI.  SOFTWARE  ALGORITHM 

A  curve  fitting  algorithm  fits  the  four  parameters  V0,  Va,  fto 
and  4  of  a  sinewave  of  form  given  in  (2),  by  minimizing  the 
error  between  the  data  points  and  the  fit  with  successive 


approximations. 

ViB  («)  -  V0  +  Vaco«  (2*finnT,ampU  +  ♦)  (2) 

This  expression  can  be  rewritten  as: 

^„(«)  "^+^008  «*>,/„  +  ♦)  (3) 

and  using  elementary  trigonometric  relations: 

xn  m  A  cos  (to.nrn)  +flsin  (,<»iHTn)  +  C  (4) 

with  A  =  V,  cos  ($),  B  =  -V,  sin  ($)  and  C  =  VD. 

If  the  input  frequency  is  known,  eq.  (4)  can  be  rewritten  as: 

x*  -A<*„  +  BPn  +  C  (5) 


with  a„  =  cosfcOjnT,,)  and  pn  =  sin(c»jnTn),  where  the  parame¬ 
ters  to  fit  now  are  A,  B,  C.  The  advantage  of  this  form  respect 
to  (2)  is  that  there  is  a  close  form  solution  given  by  the  algo¬ 
rithm  described  below. 

Given  a  data  record  y„  of  M  samples,  the  total  residual 
error  e  of  the  measured  data  relative  to  the  fit  sine  wave  is: 

m  M 

*  *  £  O'*"**)2  “  £  iyk-Aak-B$k-C)2  (6) 

*  - 1  *- 1 

Setting  the  partial  derivatives  with  respect  to  the  parame¬ 
ters  being  fit  to  zero  gives: 

3e  M 

0mdAm~2L  0'*-^«*-«p *-o«* 

*- 1 

de  u 

0mdBm~2L  (y*-A«*-BP*-c)aP*  <7> 

*  -  I 
de  M 
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f  U  MM  M 

£  y*«t  -4  £  *l+B  £  <**P*  +  c  £  a, 

*- 1  *- 1  km  1  * - 1 
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£y*P*-A£atPi  +  fi£P2  +  c£pt 

*•1  t-l  km  1  *-  1 

M  M  M 

£>*-^  £«*+«£  h+CM 
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(8) 


The  fit  parameters  are  given  by  the  solution  to  the  linear 
equation  Y  -  UX ,  which  is  X  «  rr’y,  where: 
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The  phase  is  then  calculated  by: 

♦  ■  atan  (-^)  +  [1  -iign(B)]  ~  (10) 

A  2 


IV.  PERFORMANCE 


The  results  of  the  measurements  in  the  laboratory  are 
shown  in  figures  3-6,  the  measurement  parameters  in  table  2. 
The  phase  was  changed  with  a  programmable  delay  line,  and 
the  value  calculated  by  the  system  was  compared  with  the 
phase  measured  with  the  Vector  Voltmeter  HP  8508.  The  Vec¬ 
tor  Voltmeter  accuracy  at  the  measurement’s  conditions  is  bet¬ 
ter  than  0.4  deg.  The  absolute  phase  error  versus  the  phase 
measured  with  the  Vector  Voltmeter  is  shown  in  figure  3. 


Figure  3.  Absolute  error  versus  phase  difference. 

The  resolution  of  the  system  is  shown  in  figure  4.  Fifty 
measurements  were  taken  at  different  phase  angles,  and  the 


standard  deviation  calculated.  This  values  limit  both  the  sys¬ 
tem  resolution  and  repeatability. 

Table  2 

Laboratory  measurement  parameters. 


Item 

Value 

Input  signal  frequency 

60  MHz 

ADC  sampling  rate 

5.04  MHz 

Input  signal 

-17  dBm 

ADC  dynamic  range 

1 1  bits 

Number  of  samples 

25 

Number  of  loops 

50 

The  measurement  parameters  are  specified  by  the  require¬ 
ments  at  table  1 .  The  number  of  bits  and  number  of  samples  are 
the  optimized  values  experimentally  determined,  compared 
with  the  numerical  simulation. 


Phase  standard  deviation 


Figure  4.  Standard  deviation  versus  phase  difference 

The  effect  of  the  number  of  bits  on  the  resolution  is  shown 
in  figure  5,  where  experimental  data  arc  compared  with  the 
results  of  the  simulation.  The  data  points  don’t  follow  the  theo¬ 
retical  plot,  because  of  the  noise  on  the  ADC  module  used  for 
the  test.  The  digitized  output  shows  5  counts  rms,  when  the 
analog  input  is  terminated  to  ground. 


Phasa  standard  deviation 


Figure  5.  Standard  deviation  versus  number  of  bits. 
Experimental  data  are  compared  to  the  simulation. 

The  algorithm  chosen  to  calculate  the  phase  proved  to  be 
very  robust.  The  frequency  value  used  for  the  curve  fitting 


doesn’t  need  to  be  determined  better  than  1%,  and  the  sampling 
clock  jitter  is  also  not  so  critical,  as  shown  in  figure  6. 

Phase  standard  deviation 


Figure  6.  Phase  standard  deviation  versus  sampling  clock 
jitter,  expressed  in  degrees  of  the  input  frequency  (60MHz). 

The  summarized  system  performance,  shown  in  table  3, 
fully  meet  the  system  requirements.  A  better  choice  of  the 
ADC  module  is  expected  to  improve  the  system  repeatability. 

Table  3 


Phase  measurement  performance. 


Item 

Value 

Phase  difference  dynamic  range 

360  deg 

Phase  difference  absolute  accuracy 

<  0.25  deg 

Phase  difference  standard  deviation 

<  0.3  deg  rms 

Input  signal  dynamic  range 

-17  -52  dBm 

Sample  time 

>  5  ps 
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VI.  CONCLUSION 

A  digital  approach  for  phase  measurement  has  bear  investi¬ 
gated,  which  provides  good  resolution,  accuracy  independent 
of  the  phase  difference  value,  good  repeatability  and  reliability. 
The  system  doesn’t  present  problems  typical  of  analog  solu¬ 
tions.  Numerical  analysis  have  been  performed,  showing  the 
system’s  optimal  performance  and  limitations.  A  prototype  has 
been  tested  in  the  laboratory,  which  confirms  the  predicted  per¬ 
formance,  and  proves  the  system’s  feasibility.  This  system  will 
be  installed  in  the  SSC  Linac  starting  October  1993. 
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Abstract 

An  RF  feedback  around  the  cavities  and  klystron  has  been 
added  to  the  SLC  Damping  Rings  to  provide  stability  under 
changing  beam  loading  conditions.  The  beam  loading  changes 
in  the  cavity  as  a  result  of  programming  the  RF  voltage  during 
the  beam  store  time.  The  RF  voltage  is  lowered  to  control  the 
onset  of  bunch  length  instabilities,  but  without  RF  feedback 
the  beam  becomes  unstable  in  the  Robinson  zero  frequency 
mode.  The  steady  state  analysis  of  the  beam  loading  with  and 
without  feedback  is  presented  together  with  a  description  of  the 
hardware  implementation.  Operational  experience  with  the 
system  during  SLC  running  is  described. 


I.  INTRODUCTION 

The  RF  system  for  the  SLC  damping  rings  comprises  one 
60  kW  klystron  per  ring,  driving  two  two-cell  cavities 
through  a  circulator  and  a  magic-T.  At  a  constant  RF  voltage 
totaling  1  MV  nominally  for  the  ring,  the  degree  of  RF  over¬ 
coupling  is  optimized  for  RF  matching  of  the  klystron  to  the 
combined  RF  load  of  the  cavity  and  beam  at  the  design 
intensity  of  two  bunches  of  5*1010  particles  each.  In  order  to 
control  the  onset  of  turbulent  bunch  lengthening  and  the 
associated  “sawtooth"  instability  it  is  desirable  to  program  the 
RF  voltage  during  the  beam  store  time[l].  The  RF  voltage  is 
ramped  down  to  a  low  value  shortly  after  injection  to  prevent 
the  bunch  length  from  damping  below  the  instability 
threshold. 

We  found  that,  when  two  bunches  were  present  in  the  ring, 
it  was  not  possible  to  ramp  the  voltage  down  without  a  beam 
loading  or  “Robinson  like”  instability  occurring  .  This  arises 
because  the  cavities  are  tuned  for  an  optimum  loading  angle  of 
zero  when  the  voltage  is  at  its  maximum,  but  are  then  far  from 


Fig.  1.  Simple  resonant  cavity  model  driven  by  a  generator  and  a  beam 
current.  RF  feedback  appears  as  a  transform  G  of  the  cavity  voltage 
summed  with  the  klystron  drive  signal. 


optimum  at  low  voltages.  With  the  cavity  tuning  angle  fixed 
during  the  beam  store  time  the  beam  rapidly  goes  unstable  as 
the  condition  is  reached  where  the  beam  power  exceeds  the 
cavity  dissipation  power. 

To  overcome  this  limitation  we  have  implemented  a  direct 
RF  feedback  system  of  a  type  also  used  in  other  beam  loading 
dominated  accelerators[2,3].  This  feedback  compensates  the 
cavity  loading  to  the  extent  of  the  maximum  gain  permitted  in 
the  feedback  system  and  has  allowed  the  programmable  voltage 
ramp  to  operate  down  to  much  lower  levels. 

n.  Beam  Loading  Stability  Criteria 

The  stability  analysis  of  the  cavity  and  klystron  with  beam  is 
based  upon  a  model  of  the  cavity  as  a  resonator  with  a 
fundamental  mode  only,  and  driven  by  two  current  sources 
representing  the  generator  (the  klystron)  and  the  beam,  fig.  1. 
Using  the  notation  in  reference  [5],  these  currents  can  be 
represented  as  phasors,  as  in  fig.  2.  The  impedance  angle,  <t»z, 
is  determined  by  the  cavity  geometry,  i.e.  the  frequency  to 
which  the  cavity  is  tuned  w.r.t.  the  RF.  The  beam  phase 
angle,  4>b,  is  determined  by  the  synchronous  phase  condition 
for  the  particle.  In  practice,  we  tune  the  cavity  on  the  basis  of 
the  measured  loading  angle,  4»l.  between  the  klystron  current 
and  the  cavity  voltage.  The  cavity  tune  that  results  will  thus 
be  a  function  of  the  beam  current,  Ib,  and  the  generator 


Fig.  2.  The  current  from  the  generator,  the  beam  and  the  total  current  are 
represented  as  phasors,  referenced  to  the  cavity  voltage.  The  feedback 
contributes  a  term  GIo. 


The  beam  loading  ratio  is  defined  as  Y  =  Ib  /  Io,  where 
Io  is  the  real  part  of  the  total  current  in  the  cavity,  It,  i.e.  the 
component  of  It  in  phase  with  the  cavity  voltage,  V.  The 
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vector  relationship  between  these  phasors 
the  following: 


I0(l  + Ysinfta) 

COS0L 

yL  1  +  Ysin^ 


can  be  described  by 

(1) 

(2) 


The  stability  criterion  derived  by  Robinson[4]  can  be 
expressed[5]  as: 

— y  <  sin20z  <  0  (3) 

These  stability  boundaries  are  shown  graphically  in  fig.  3, 
where  the  shaded  region  for  positive  <j>z  leads  to  antidamping 
of  the  synchrotron  oscillations  of  the  bunches;  and  the  left 
hand  shaded  region  corresponds  to  unstable  exponential  growth 
as  the  beam  loading  limit  is  exceeded.  The  actual  working 
point  on  this  diagram  is  determined  by  the  choice  of  loading 
angle.  Superimposed  on  fig.  3  is  a  curve,  derived  from  eqn  (2) 
representing  the  locus  of  points  for  which  we  choose  to  be 
zero,  indicating  how  4>Z  must  change  for  increasing  beam 
loading.  These  curves  are  calculated  for  our  nominal  1  MV  RF 
voltage  for  which  the  synchronous  phase  is  close  to  170°. 

If  the  voltage  is  ramped  down  to  250  kV  during  the  store 
the  synchronous  phase  changes  to  140°  and  the  stability  limit 
drops  as  shown  by  the  lighter  shaded  region  in  fig.  3.  In  our 
particular  mode  of  operation  the  cavity  tune  stays  constant  as 
the  voltage  is  ramped  down.  For  an  intensity  of  2x  3.5»1010 
eqn  (2)  indicates  that  the  loading  angle  changes  to  36°  as  the 
voltage  is  ramped  from  1  MV  to  250  kV.  The  curve  for 
<fo_=36°  in  fig.  3  confirms  that  we  are  far  beyond  the  limits  of 
stability  with  our  fixed  cavity  tune.  The  ramp  occurs  on  a  time 
scale  of  milliseconds  during  which  it  is  impossible  to  retune 
the  cavity  back  to  a  more  favorable  loading  angle.  Instead  we 
reestablish  stability  by  implementing  direct  RF  feedback 
through  the  klystron. 


Fig.  3.  Beam  loading  stability  limit  vs.  impedance  angle. 


HI.  DIRECT  RF  FEEDBACK:  GAIN  VS.  STABILITY 
Direct  RF  feedback  requires  feeding  back  a  portion  of  the 
cavity  voltage  and  summing  it  with  the  drive  signal  to  the 
klystron.  The  group  delay  around  this  loop  determines  the 


maximum  gain  at  which  the  loop  can  operate  stably.  To  see 
this  we  look  at  the  transformed  impedance  of  the  cavity  plus 
feedback.  The  complex  impedance  of  the  resonator  in  fig.  1, 
tuned  to  a  frequency  con  and  with  a  loaded  quality  factor  Ql  and 
shunt  impedance  Rsh.  is: 

Log  Aapl. 


7 


Phase  [rad] 


[HHz]  t req 


Fig.  4.  Modelled  phase  and  amplitude  for  the  cavity 
impedance,  with  (dashed)  and  without  (solid)  feedback. 


This  impedance  function  is  shown  in  fig.  4  for  our 
damping  ring  parameters. 

The  feedback  transfer  function,  GO®),  is  given  the  product 
of  a  gam  Go  with  a  transductance  1/Rsh  and  a  delay  AT: 

G(j©)  =  -^-e'j<n4T  (5) 

^sh 

The  closed  loop  transfer  function  gives  the  impedance  of 
the  cavity  plus  feedback,  as  seat  by  the  beam: 

= _ Z(»-  .  (6) 

1  +  G(jco)Z(j(o) 

which  is  also  plotted  in  fig.  4  for  a  group  delay  of  300  nS  and 
a  gain  Go=6. 

At  the  cavity  frequency,  con>  we  have  Z(jmn)=RsH  and 
G(jo)n)=Go/RsH  so  that  the  effective  impedance  is  reduced  as 
Z’=Z/(l+Go).  The  real  part  of  the  cavity  current,  Io,  increases 
by  (1+Go).  The  effect  on  our  stability  diagram  in  fig.  3  is  to 
raise  the  boundary  of  the  shaded,  left  hand  zone  by  the  amount 
(1+Go). 

The  effective  impedance  can  not  be  reduced  indefinitely  by 
increasing  the  gain  Gq,  as  can  be  seen  by  applying  the  Nyquist 
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criterion  to  the  magnitude  of  the  open  loop  transfer  function, 
which  is  required  to  be  greater  than  -1, 


|G(jO))Z(jffl)|  <  1 


(7) 


Allowing  for  a  45°  phase  margin  this  leads  to  the  limit: 

kQl 


1  +  G< 


2  CO.  AT 


(8) 


Fig.  5.  Nyquist  plot  for  the 
cavity  impedance  in  fig.  4, 
illustrating  the  stability  limit 
with  feed  back  (dashed). 


IV.  DIRECT  RF  FEEDBACK  IMPLEMENTATION 
The  klystron  is  located  in  the  vault  with  the  RF  cavities  so 
the  signal  path  lengths  are  reasonably  short  for  the  feedback 
loop.  The  layout  is  shown  schematically  in  fig.  5.  The 
cavities  have  a  two-cell  structure  which  have  a  non-accelerating 
0-mode  close  in  frequency  to  the  accelerating  n-mode  of  the 
cavities.  The  cavity  probe  signals  from  the  two  cells  are 
therefore  combined  with  phase  shifters  and  attenuators  to 
ensure  there  is  not  excessive  gain  at  the  unwanted  mode.  The 
signals  from  the  two  cavities  are  further  combined  with 
appropriate  phase  shift  and  attenuation.  A  common  phase 
shifter  and  attenuator  in  the  loop  is  remotely  operable  through 
the  SLC  control  system  to  tune  the  loop  in  the  presence  of 
beam.  The  measured  open  and  closed  loop  response  of  the  loop 
are  shown  in  fig.  6. 

V.  PERFORMANCE  WITH  BEAM 
The  optimum  setting  for  the  feedback  phase  shifter  is  found 
empirically  by  observing  the  beam  stability.  Typically,  an 
upper  and  a  lower  setting  of  the  phase  shifter  will  be  found  at 
which  the  beam  is  barely  stable  allowing  us  to  find  the 
midpoint  of  the  stable  range.  In  our  analysis  above,  changing 
the  phase  shifter  corresponds  to  a  rotation  about  the  origin  of 
the  dashed  Nyquist  curve  in  fig.  5.  As  the  curve  rotates  it  soon 
intercepts  the  stability  boundary  at  -1.  Increasing  the  gain  G0 
translates  the  curve  to  the  left  so  we  find  that  there  is  less 
range  for  rotation  before  hitting  the  boundary.  As  the  stability 
constraint  for  the  maximum  gain  depends  on  AT  in  eqn  (8),  we 
have  worked  on  improving  the  contribution  to  the  group  delay 
from  the  klystron.  This  was  done  by  changing  the  klystron 
cavities  for  broader  bandwidth,  at  the  expense  of  a  reduced 
klystron  gain. 

With  RF  feedback  it  is  now  possible  to  operate  the 
damping  ring  comfortably  with  a  ramp  from  1  MV  down  to 
250  kV  with  a  beam  intensity  of  two  bunches  of  3.5»1010 
particles  per  bunch.  This  enhancement  to  the  beam  loading 
limitation  in  the  rings  is  consistent  with  the  predicted  analysis 
above. 


Fig.  5  Schematic  of  the  direct  RF  feedback  implemented 
around  the  klystron  and  two  damping  ring  cavities. 
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Fig.  6.  Measured  open  and  closed  loop  response  of  the  system. 


The  limitations  imposed  by  saturation  effects  of  the 
klystron  have  not  been  discussed  here.  If  the  program  gap 
voltage  is  too  high  for  any  given  current  the  nonlinearity  of 
the  klystron  drives  the  loop  unstable. 

The  reduction  in  effective  cavity  impedance  also  reduces  the 
damping  rate  of  0-mode  dipole  bunch  oscillations,  so  some 
additional  feedback  is  called  for  to  damp  injection  transients. 
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Abstract 

The  rf  system  of  the  SLC  Damping  Rings  has  evolved  since 
tighter  tolerances  on  beam  stability  are  encountered  as 
beam  intensities  are  increased.  There  are  now  many  feed¬ 
back  systems  controlling  the  phase  and  amplitude  of  the 
rf,  the  phase  of  the  beam,  and  the  tune  of  the  cavity.  The 
bandwidths  of  the  feedback  loops  range  from  several  MHz 
to  compensate  for  beam  loading  to  a  few  Hz  for  the  cavity 
tuners.  To  improve  our  understanding  of  the  interaction 
of  these  loops  and  verify  their  expected  behavior,  we  have 
simulated  their  behavior  using  computer  models.  A  de¬ 
scription  of  the  models  and  the  first  results  are  discussed. 

1.  Introduction 

During  the  1992  SLC/SLD  run,  accelerator  operation  be¬ 
came  sensitive  to  the  microwave  instability1  at  beam  cur¬ 
rents  above  3xl010  particles  per  bunch.  To  avoid  the  on¬ 
set  of  bunch  lengthening  at  higher  currents,  an  rf  voltage 
ramp  was  implemented.  However,  the  depth  of  the  ramp 
was  limited  by  a  Robinson-like  instability2'3,  which  was 
corrected  for  using  direct  rf  feedback3,4.  With  these  mod¬ 
ifications,  the  parameter  space  has  become  more  complex. 
Operating  conditions  must  be  adjusted  and  optimized  such 
that  the  rf  system  operates  stably  under  varying  condi¬ 
tions.  In  particular,  the  system  should  be  insensitive  to 
injection  phase  errors  and  intensity  jitter,  repetition  rate 
changes,  and  effects  arising  from  klystron  saturation. 

Effects  of  heavy  beam  loading  and  rf  feedback  have  been 
studied  in  detail  by  Pedersen2,3,  who  has  also  studied 
the  effect  of  adding  more  feedback  loops.  The  dynam¬ 
ics  become  more  complicated  when  the  nonlinear  effects 
of  klystron  saturation  are  considered.  The  purpose  of  our 
simulations  is  to  understand  the  stability  of  the  damping 
ring  rf  system  with  multiple  feedback  loops  and  a  partially 
saturated  klystron. 

2.  System  Overview 

A  block  diagram  of  the  rf  system  is  shown  in  Fig.  1 .  The 
coupling  between  the  beam  and  cavities  increases  as  the 
beam  current  is  raised.  Two  cavities  are  driven  by  a  sin¬ 
gle  klystron.  Surrounding  the  cavities  and  klystron  are 
various  feedback  loops.  The  cavity  voltage  is  regulated  us¬ 
ing  the  gap  voltage  control  feedback.  Other  loops  include 
a  beam  loading  feedback,  a  beam  phase  loop,  a  klystron 
phase  compensation  loop,  a  synchrotron  oscillation  zero 
mode  feedback,  and  cavity  tuner  loops. 

'Work  supported  by  the  Department  of  Energy  Contract  DE¬ 
ACON  76SF005 1 5 


The  rf  system  is  modelled  by  calculating  the  dynamics 
of  the  beam  cavity  interaction.  These  equations  along  with 
measured  loop  characteristics  and  klystron  saturation  data 
are  then  incorporated  into  numerical  integration  programs 
such  as  Matrix-x5  and  Simulink6.  These  algorithms  use 
state  space  representations  of  the  system  to  solve  the  dif¬ 
ferential  equations.  The  system  can  be  analyzed  in  both 
the  time  and  frequency  domains. 


Figure  1.  SLC  damping  ring  rf  system. 

3.  System  Modelling 


We  first  discuss  the  beam  cavity  interaction  and  the 
klystron.  We  then  consider  the  various  feedback  loops. 

A.  Beam  Cavity  Interaction 

The  equations  of  motion  for  the  beam  cavity  interaction 
are  mixed  to  baseband  for  computational  efficiency.  Each 
cavity  is  modelled  as  a  parallel  RLC  circuit.  The  dynamics 
are  described  by 


dvr 

~dt 


1  dvi  vT  ,  ,  RWrf  T 

+  2Q  ~dT  +  Wri  +  Vi(U°  ~  Ur/)  ~  ~W  T 


dVi  1  dvr  Vi  Ru  rf 

-dr-2Q-di-+2QU',-,'AU°-Ur,)='W  () 

Here  vr  and  v,-  are  the  real  and  imaginary  parts  of  the  cav¬ 
ity  voltage  and  the  approximation  4jt  vulrj  has  been 
made.  Also  Q  =  6860  is  the  loaded  quality  factor  of 
the  cavities,  wr/  =  2x  x  714  MHz  is  the  angular  drive 
frequency,  R  =  2.5  Mfl  is  the  shunt  impedance,  IT  and 
/,  are  the  real  and  imaginary  parts  of  the  total  current, 
/,  =  /,  +  /»,  where  Ig  is  the  generator  and  h  is  the  beam 
current.  The  resonant  frequency,  wo,  of  the  cavity  is  given 
by  =  [1  -  5^tan^*]-1,  where  <j>,  is  the  impedance 
angle  between  the  total  current  and  the  cavity  voltage. 
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The  equations  for  the  beam  current,  expressed  in  po¬ 
lar  coordinates,  are  |Jj|  =  2/*,  where  ldC  is  the  dc  beam 
current  and,  for  the  nonlinear  phase  equation, 

-  to  +  %«.)].  (2) 

in  which  is  the  beam  phase  angle,  <f>e  is  the  cavity  phase 
angle,  tj  =  -0.015  is  the  slip  factor,  Eo  =  1.19  GeV  is 
the  beam  energy,  To  =  =  117.65  ns  is  the  revolution 

period,  and  Uo  and  Uhom  are  respectively  the  energy  losses 
due  to  synchrotron  radiation  and  higher  order  modes. 

An  example  of  the  time  dependence  of  the  beam  phase  is 
shown  in  the  insert  of  Fig.  2.  With  the  impedance  angle  <j>z 
equal  to  -20  degrees,  the  damping  time  r  of  the  oscillations 
is  compared  with  analytic  calculation. 


Figure  2.  Damping  time  of  phase  oscillations  as  a  function 
of  beam  current  with  <l>z  =  —20  deg.  A  simulation  output 
of  the  beam  phase  for  7S=68  mA  is  also  shown. 

B.  Nonlinear  Klystron 

To  minimize  the  bunch  length  at  extraction  we  operate 
the  klystrons  in  the  nonlinear  region  near  saturation.  The 
measured  saturation  characteristics  of  the  klystron  are 
shown  in  Fig.  3.  The  klystron  becomes  nonlinear  in  gain 
at  an  output  power  near  30  kW  or  at  a  cavity  voltage  of 
550  kV  when  tuned  for  optimum  coupling.  In  addition,  the 
klystron  produces  a  power  dependent  phase  offset  for  out¬ 
put  powers  greater  than  10  kW.  These  data  are  input  into 
the  model  in  the  form  of  interpolation  tables.  The  klystron 
bandwidth  (5.3  Mhz  at  3  dB)  is  modelled  at  baseband  as 
a  third  order  lowpass  Butterworth  filter.  A  240  ns  delay  is 
also  included.  To  compute  the  output  current  Ig  we  con¬ 
vert  the  input  voltage  into  input  power  P,„,  use  the 
saturation  data  to  determine  the  output  power  Pout,  and 
take  into  account  the  coupling  to  the  cavity  (/?  =  2.5).  The 
transconductance,  S,  for  which  Ig  =  SVin,  is 


S  = 


4(3 


1 


/  *  Otit  \ 

'  D.  ' 


(1  +  (3)2  2/?(5QQ) v  Pi 


(3) 


The  phase  shift  resulting  from  driving  the  klystron  to  sat¬ 
uration  is  also  calculated  from  the  input  power. 

The  open  loop  Bode  plot  obtained  by  modulating  the 
klystron  input  and  detecting  the  amplitude  controller  out¬ 
put  (see  below)  is  shown  in  Fig.  4  and  is  compared  with 


online  measurement.  From  the  figure  can  be  seen  the  ad¬ 
ditive  effects  of  the  cavities  and  the  klystron  as  well  as  the 
controller  and  rf  attenuator  on  the  system  gain  and  phase. 
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Figure  3.  Measured  gain  (fig.  3a)  and  phase  shift  (fig.  3b) 
of  klystron  as  a  function  of  input  power. 

C.  Feedback  Loops 

Beam  Loading  Feedback 

The  rf  feedback  loop  is  described  in  detail  in  Ref.  4.  When 
this  feedback  is  implemented,  the  Q  of  the  cavity  is  reduced 
by  1  +  Go,  where  Go  is  the  feedback  gain.  In  the  model,  we 
form  the  vector  sum  of  the  two  cavity  voltages  and  allow  an 
overall  phase  shift  of  the  feedback  signal.  A  120  ns  delay  is 
included  for  the  waveguides  and  cable  delays.  Simulations 
to  determine  the  threshold  for  unstable  exponential  growth 
of  phase  oscillations  agree  well  with  theory. 

Amplitude  Feedback  Loop 

The  amplitude  feedback  loop  is  used  to  regulate  the  voltage 
ramp  during  the  store  cycle.  Unlike  the  if  feedback,  which 
uses  the  vector  sum  of  the  cavity  voltages  as  the  feedback 
signal,  the  amplitude  loop  feeds  back  on  the  sum  of  the 
magnitude  of  the  two  cavity  voltages.  The  measured  3  dB 
bandwidth  of  the  controller  is  about  600  Hz.  A  first  order 
transfer  function  characterizes  its  frequency  response.  In 
addition,  we  model  a  series  rf  attenuator  as  a  first  order 
transfer  function  with  the  measured  3  dB  bandwidth  of  40 
kHz.  When  the  rf  feedback  loop  is  closed,  the  gain  in  the 
amplitude  feedback  is  raised  by  1  +  Go  accordingly. 

Phase  Feedback  Loop 

The  phase  loop  is  used  to  lock  the  ring  rf  at  extraction  to 
the  linear  accelerator  rf.  We  model  it  as  a  constant  gain 
bandwidth  amplifier  and  use  a  first  order  transfer  function 
with  a  measured  3  dB  bandwidth  of  30  Hz. 

Klystron  Compensation  Feedback  Loop 

This  phase  feedback  loop  is  supposed  to  compensate  for 
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slow  variations  in  the  AC  power  source  for  the  klystron 
drive.  The  measured  3  dB  bandwidth  is  about  10  Hz. 
Cavity  Tuner  Loop 

The  very  slow  (<1  Hz)  tuner  loop  is  used  primarily  to 
control  the  initial  conditions  for  the  loading  angle  <f>\.  The 
phase  angle  <f> ,  between  the  cavity  and  generator  is  fed 
back  through  a  second  order  transfer  function. 


100  iooo  ioooo  i.wi  i.e<oe  i.e«ot  i.e*o«  11.40 
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Figure  4.  Calculated  open  loop  response  (fig.  4a)  is  com¬ 
pared  with  online  measurement  (fig.  4b) 

4.  Effect  of  Nonlinear  Klystron 

The  saturation  in  the  klystron  reduces  the  stability  thresh¬ 
old  for  the  system  as  there  is  insufficient  output  power  to 
compensate  for  heavy  beam  loading.  Plotted  in  Fig.  5a  is 
the  ratio  of  the  klystron  output  to  input  power  as  a  func¬ 
tion  of  the  beam  loading  ratio, Y  =  for  different  cavity 
voltages  with  all  feedback  loops  off.  The  impedance  angle 
was  held  fixed  at  -45  degrees  while  the  loading  angle  was 
allowed  to  vary.  A  power  ratio  of  2.67 x  105  corresponds 
to  a  linear  klystron.  In  Fig.  5b  the  threshold  for  beam 


loading  with  <p,  =  —45  degrees  is  plotted  as  a  function 
of  cavity  voltage.  For  a  linear  klystron  the  threshold  is 
constant  near  2. 


Figure  5.  F  atio  of  the  klystron  output  to  input  power  as 
a  function  of  loading  ratio  with  <t>z  =  —45  deg  for  different 
cavity  voltages  (fig.  5a)  and  stability  threshold  as  a  func¬ 
tion  of  cavity  voltage  with  <j>,  =  —45  deg  (fig.  5b).  Higher 
order  mode  losses  were  assumed  to  be  constant. 

5.  Conclusion 

The  equations  of  motion  for  the  beam  dynamics  mixed  to 
baseband  were  used  to  model  the  damping  ring  rf  systems 
at  the  SLC.  Measured  feedback  loop  and  klystron  char¬ 
acteristics  were  included.  Robustness  of  the  simulations 
has  been  demonstrated  by  comparison  to  theory  and  ex¬ 
periment  in  the  time  and  frequency  domains.  First  results 
included  a  study  of  the  nonlinear  klystron.  In  the  future 
we  will  study  stability  of  the  rf  system  with  all  the  feedback 
loops  closed. 

The  authors  thank  F.  Pedersen  of  CERN,  A.  Hill,  P.  Cor- 
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I.  INTRODUCTION 

Two  four  cell  superconducting  cavities  are  installed  in  one 
bimodule  in  the  SPS  accelerator  to  provide  accelerating  voltage 
for  leptons.  The  four  3,5  GeV-20  GeV  lepton  cycles  are 
interleaved  with  a  14  GcV-450  GeV  fixed  target  high  intensity 
proton  cycle,  the  composite  supercycle  being  14.4  s  long.  The 
extremely  high  impedance  of  the  superconducting  cavities  is 
unacceptable  for  the  high  intensity  proton  beam  and  to  maintain 
beam  stability  the  resonances  in  the  main  cavity  passband  must 
be  heavily  damped.  This  damping  is  produced  by  an  RF 
feedback  system  [1].  The  limitations  for  this  feedback  system 
are  due  mainly  to  the  proximity  in  frequency  of  the  two  upper 
resonances  in  the  cavity  and  the  loop  delay.  Typically  a  final, 
operationally  reliable,  impedance  of  «  400  Kft/cavity  can  be 
obtained.  Measurements  on  the  proton  beams  at  high  intensity 
have  shown  that  with  two  cavities  in  the  machine  this  impedance 
produces  coupled  bunch  instabilities  when  »3xl013 
protons/pulse  are  accelerated.  As  there  are  plans  to  increase  the 
proton  intensity  beyond  this  value,  and  since  the  possibility  also 
exists  of  installing  a  second  bimodule  for  lepton  acceleration,  it 
has  become  very  important  to  study  possible  methods  of  further 
reducing  the  total  impedance.  Two  methods  have  been  studied, 
built  and  tested  in  machine  development  periods,  both  of  these 
acting  as  a  supplement  to  the  existing  RF  feedback  system.  The 
first  consists  of  a  feedforward  loop  injecting  a  beam  current 
signal  into  the  feedback  loop  and  the  second  consists  of  an 
additional  feedback  loop  around  the  first,  acting  only  at 
harmonics  of  the  revolution  frequency. 

II.  THE  BIMODULE  AND  EXISTING  FEEDBACK 

Each  superconducting  cavity  consists  of  four  coupled  cells 
producing  four  resonances  in  the  main  passband  at  347,  349, 351 
and  352  MHz.  The  latter,  the  it  mode,  is  used  for  acceleration 
and  has  an  R/Q  of  230  Q;  the  others  interact  to  a  much  smaller 
extent  with  the  beam.  The  extremely  high  Qcxt  of  each 
resonance,  ®  3xl07,  is  reduced  by  the  RF  feedback  during 
proton  operation  to  =  2X103  giving  an  impedance  on  the  it  mode 
of  *  400  ki2.  This  feedback  is  shown  schematically  in  Fig.  la. 
The  detailed  design  and  functioning  of  the  loop  have  been 
described  previously  [1].  For  the  present  purposes,  the  transfer 
function  of  the  ensemble  from  point  A  to  point  B  is  given  by: 

.  .  Z(s)G,(s)  e~" 

1  +  Z(s)G,(s)  e“" 

where  Z(s)  is  the  transfer  function  in-out  of  the  cavity 
(V(s)/Ig(s)),  t  the  total  loop  gain,  t'  the  measurement  path  delay 
and  Gj(s)  the  amplifier  gain  (=  constant  for  the  upper  two 
modes).  The  amplitude  response  of  this  closed  loop  is  given  in 
Fig.  2. 


III.  FEEDFORWARD  COMPENSATION 

A.  Implementation 

The  principle  is  to  cancel  the  voltage  induced  in  the  cavity 
by  the  beam  current  by  injecting  an  equal  and  opposite  current 
via  the  power  amplifiers.  The  implementation  is  shown 
schematically  in  Fig.  lb.  A  signal  proportional  to  the  beam 
current  is  derived  from  a  wideband  monitor  situated  close  to  the 
superconducting  cavity.  Provision  is  made  for  adjusting  both  the 
phase  and  amplitude  of  this  signal  and  a  gate  is  incorporated  to 
allow  switching  during  the  proton  cycle.  Since  the  bandwidth  of 
the  amplifier  is  significantly  wider  than  that  of  the  cavity,  care 
must  be  taken  to  avoid  loading  the  power  amplifier 
unnecessarily.  For  this  reason  a  bandpass  filter  is  added  in  the 
chain.  The  bandwidth  is  a  compromise  between  the  amplifier 
requirements  and  the  need  for  minimum  delay  since  any  delay  in 
the  feedforward  path  reduces  the  efficiency  of  the  feedforward 
compensation  at  frequencies  away  from  the  centre.  In  practice 
the  filter  had  a  2.8  MHz  bandwidth  (delay  =  150  ns). 

The  effective  impedance  of  the  cavity  with  feedforward  is 
defined  as: 

Z  VW  Z(s)[l-G;(s)e-'] 

"  I,.{s>  1  +  Z(s)Gl(s)e"*t 

where  t"  is  the  total  delay  in  the  feedforward  path;  i.e  the 
electronic  delay  from  monitor  through  to  cavity  plus  the  beam 
delay  cavity  to  monitor  (which  may  be  negative).  Gs(s)  is  the 
gain  in  the  forward  path. 

B.  Results  with  Beam 

The  phase  and  gain  were  adjusted  using  the  signal  of  the 
beam  induced  voltage  in  the  cavity.  A  spectrum  analyzer  was 
used  to  observe  a  few  revolution  frequency  lines  centred  on  the 
n  mode,  the  feedforward  being  switched  on  just  after  transition 
energy  during  the  proton  cycle  and  switched  off  again  just 
before  extraction  at  450  GeV.  Fig.  3  shows  a  typical  result,  a 
reduction  in  impedance  of =10  dB  being  obtained.  Observation 
on  a  much  wider  frequency  bandwidth  covering  the  two  modes 
in  the  passband  of  the  Filter  gives  results  shown  in  Fig.  4.  The 
reduction  in  signal  on  the  it  mode  is  accompanied  as  expected  by 
the  emergence  of  the  signal  on  the  lower  mode.  Even  for  a 
perfect  feedforward  correction  on  the  it  mode,  the  observed 
signal  V(s)  docs  not  vanish  completely  at  352  MHz,  because  of 
the  contribution  of  the  other  mode.  Precise  phase  and  amplitude 
settings  of  the  feedforward  path  (which  are  independent  of  the 
RF  feedback  gain)  are  better  adjusted  with  high  Q  separated 
resonances  (low  RF  feedback  gain).  The  total  delay  in  the 
feedforward  path  was  =  530  ns.  It  is  clear  that  with  this  delay  the 
injected  current  changes  phase  by  it  between  351  and  352  MHz, 
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thus  limiting  the  efficiency  of  the  feedforward.  However  it  will 
be  improved  significantly  (reduction  of  230  ns)  by  replacing  the 
existing  monitor  by  a  dedicated  monitor  upstream  of  the  cavity. 
Another  limitation  of  the  method  is  the  residual  R/Q  of  the  other 
modes  which  cannot  be  corrected. 


optimised  for  the  upper  two,  the  lower  two  would  seriously 
reduce  the  maximum  loop  gain  possible.  For  this  reason,  the 
lower  two  are  rejected  by  notch  filters  [1]. 

B.  Results  with  Beam 


IV.  One  turn  delay  feedback 

IV.  1  ONE  CAVITY 

B.  Implementation 

The  delay  in  the  main  feedback  loop  combined  with  the 
proximity  of  the  resonant  frequencies  forces  a  limitation  in  gain 
of  the  system  and  hence  of  impedance  reduction.  If  we  look  at 
the  transfer  function  on  a  network  analyzer  and  unravel  the 
response  with  a  delay  correction,  negative,  we  see  that  the  four 
cavity  resonances  can  all  be  superimposed  in  the  right  half  of  the 
complex  plane  (Fig.  5a)  and  that  therefore  if  such  a  delay  could 
be  inserted  in  series,  a  secondary  feedback  loop  could  be  used  to 
further  reduce  the  impedance.  In  a  synchrotron  the  frequencies 
where  loop  gain  is  beneficial  occur  at  multiples  of  the  revolution 
frequency,  frev.  If  frev»Is.  the  synchrotron  frequency,  then  only 
a  small  bandwidth  at  each  harmonic  is  important.  A  comb-filter 
in  the  feedback  path  can  be  used  to  select  these  bands  and  the 
total  delay  of  the  loop  can  be  increased  to  Trev=l/frev  to  rotate 
the  phase  by  2rt  between  each  harmonic  [2]  [3],  This  produces, 
for  these  bands,  the  same  result  as  the  negative  delay  mentioned 
above.  The  cavity  impedance  with  this  extra  loop  is  defined  as: 


The  combination  of  loops  implemented  on  one  cavity  was 
tested  using  beam.  The  second  cavity  in  the  bimodule  was  used 
to  render  the  beam  unstable  at  top  energy  by  reduction  of  the 
main  feedback  gain.  The  difference  in  gain  values  on  this  cavity 
for  instability  threshold  when  the  single-turn  feedback  on  the 
other  cavity  is  ON  or  OFF  gives  a  measure  of  the  effective 
impedance  reduction.  A  reduction  of  5  x  in  impedance  has  been 
reliably  obtained. 

IV.2.  TWO  CAVITIES 
A.  Implementation 

A  one- turn  feedback  system  can  be  used  independently  on 
each  cavity  in  the  bimodule.  A  more  economic  system  is  to 
make  the  vector  sum  of  the  signals  from  the  cavities  and  correct 
via  a  single  cavity.  This  is  shown  in  Fig.  Id.  Again  provision  is 
made  for  independent  phase  and  amplitude  control.  The  easiest 
way  to  adjust  this  was  found  to  be  to  use  a  difference  hybrid  and 
set  the  controls  for  minimum  beam-induced  signal  at  the  output. 
The  introduction  of  180°  delay  then  produces  the  required  sum 
signal.  One  point  to  note  is  the  increased  power  requirement  on 
the  power  amplifier  used  for  feedback.  Performance  is  limited 
by  inaccurracies  in  the  summation  [4], 


Zeff^  = 


Z(s) 


1  +  Gj  (s)Z(s)e  ST  +  Gj  (s)G3 (s)Z(s)e~S(t  +  T" ' } 


T"'  is  the  "one-turn"  loop  delay  and  G3(s)  is  the  loop  gain 
which  includes  the  comb-filter  response: 


B.  Results  with  beam 

This  technique  has  been  tested  on  the  SPS  and  its  efficiency 
estimated  by  reducing  the  main  feedback  gain  and  searching  for 
the  instability  threshold.  An  impedance  reduction  of  =  3  x  is 
estimated. 


V.  Conclusions 


(1  -  k)e~tT,CT 
1  -  k  e_sTre> 

The  layout  is  given  in  Fig.  lc  for  this  particular 
implementation.  The  signal  at  352  MHz  is  mixed  down  in  two 
stages  to  5MHz,  after  which  it  is  digitised.  The  signal  then 
passes  through  the  comb  filter  and  delay,  (bandwidth 
0-->10MHz),  both  realised  in  digital  form  [2],  and  then,  after  the 
DAC,  is  remixed  to  352  MHz.  Phase  and  amplitude  adjustment 
are  provided  plus  an  RF  switch  and  following  amplification  the 
signal  is  reinjected  into  the  main  loop.  The  delay  phase  and  gain 
are  adjusted  in  open  loop  using  the  network  analyzer  (the  delay 
tolerance  is  found  to  be  ±  25  ns).  The  two  upper  resonances  are 
shown  with  delay  correction  in  Fig.  5b  and  after  the  comb-filter 
in  Fig.  5c.  What  remains  is  the  non-linear  phase  response  of  the 
system.  The  closed  loop  response  is  given  in  Fig.  6.  Here  the 
"tails"  on  the  response  are  due  to  these  residual  errors,  which 
could  be  compensated  if  necessary  using  an  equalisation  filter. 
The  spacing  of  the  four  resonances  is  not  exactly  the  1  MHz  and 
2  MHz  quoted  and  consequently  it  is  impossible  to  "place"  all 
four  resonances  one  on  top  of  the  other.  With  the  delay 


It  has  been  shown  experimentally  that  a  feedback  system  around 
a  multi-cell  cavity  can  be  complemented  in  two  ways  by 
feedforward  and  single.turn  feedback.  It  has  also  been  shown 
that  the  impedance  of  two  multi-cell  cavities  can  be  reduced  by 
using  the  vector  sum  of  the  two  as  reference  for  the  single  turn 
feedback  loop. 
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Fig.  lc  Addition  of  one-turn  feedback 
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cav2 


Fig.  Id  Addition  of  2  cavities  to  one  turn  feedback 


Fig.  2  4  resonances  of  damped  cavity 

349  MHz  ±  4  MHz  (H);  10  dB/div  (V) 


Fig.  3  Effect  of  feedforward 

0.5  s/div  (H) 

5  dB/div  (V) 


Fig.  4  Spectrum  of  feedforward 
500  KHz/div  (H) 

5  dB/div  (V) 

1.  System  noise 

2.  Feedback  off 

3.  Feedforward  on 


Fig.  5a  Calculated  response 
4  resonances  with  delay  correction 


Fig.  5b  Measured  response  Fig.  5c  With  comb  filter 

with  delay  correction,  upper  two  modes 


Fig.  6  Response  with  and  without  one  turn  feedback 
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I.  INTRODUCTION 

Capture  losses  must  be  kept  to  an  extremely  small  value  in 
the  superconducting,  very  high  intensity  (0.8S  A  per  beam) 
LHC  machine  [1],  Bunches  from  the  injector  (the  SPS 
accelerator)  are  fairly  long  (51  cm  full  length  compared  to  the 
RF  wavelength  of  75  cm)  and  phase  injection  errors  may 
bring  the  edge  of  the  injected  bunch  very  close  to  the 
separatrix.  Following  the  SPS  collider  experience,  it  is 
therefore  of  prime  importance  to  quickly  damp  any  phase  (or 
energy)  error  at  injection  in  order  to  avoid  capture  losses  as 
much  as  possible.  The  main  LHC  RF  system  is  composed  of 
eight  single  cell  400  MHz  superconducting  cavities  [2],  which 
are  common  to  both  beams  and  cannot  be  used  to  act 
independently  on  a  newly  injected  batch.  Dedicated  cavities 
(or  longitudinal  kickers)  working  on  each  beam  separately 
will  provide  damping  of  phase  oscillations  just  after  injection; 
they  may  also  be  used  to  suppress  any  coupled  bunch 
longitudinal  instability  during  coast. 

II.  PHASE  ERRORS  AT  INJECTION 

A.  Phase  Modulation  in  the  LHC 

As  explained  in  ref  [3],  the  equilibrium  phase  of  the  LHC 
bunches  is  not  constant  along  one  machine  turn,  due  to  the 
effect  of  transient  beam  loading.  The  RF  waveform  will  be 
phase  modulated  via  the  reference  voltage  of  the  RF  feedback 
circuits;  this  is  in  order  to  keep  the  required  RF  power  within 
acceptable  limits.  When  a  new  batch  is  injected,  the 
equilibrium  phase  modulation  changes  immediately  (Fig.  1). 
This  means  that  the  already  injected  bunches  become  out  of 
phase  with  the  new  RF  waveform  and  start  phase  oscillations. 
The  maximum  phase  error  5<{>m„  occurs  when  the  last  batch 
is  injected: 

e  1  R  “n 

8<t>max  = - ^1  At  (1) 

max  2  Q  V  B  0 
R 

where  —  =  8  x  43.50  is  the  characteristic  impedance  of  the 

Q 

eight  RF  cavities,  G)o/27t=400  MHz  the  RF  frequency,  V=8 
MV  the  RF  voltage  at  injection,  IB=1.25A  the  RF  component 
of  the  injected  beam  current,  Aqp=6.2|is  the  length  of  the 
injected  batch  and  T=l/fo=89ps  the  revolution  period.  One 
finds  50max  =  0.42  rad  (24°  RF  phase). 

B.  Phase  Modulation  in  the  SPS 

The  SPS  RF  system  is  composed  of  four  200  MHz 
travelling  wave  structures  [4],  each  16  m  long  (4  sections). 
The  accelerated  batch  for  LHC,  which  occupies  only  a  small 
fraction  (6.2ps)  of  one  SPS  turn  (23  ps)  induces  in  each 
accelerating  structure  a  voltage  Vb  =  1.40  MV,  almost  in 
phase  with  the  beam  current.  This  beam  induced  voltage  must 
be  compensated  by  an  increase  of  the  RF  input  power  in  the 
structure  from  560  kW  (IB=0)  to  750  kW  (IB=1.57A  at  200 
MHz).  A  straightforward  way  to  achieve  this  is  with  a 


feedforward  technique:  the  1B  signal  measured  with  a  beam 
monitor  is  added  to  the  cavity  drive  signal  after  one  turn  delay 
and  proper  phase  and  amplitude  adjustments.  Compensation 
cannot  be  perfect,  however  because  of  the  limited  bandwidth 
of  the  RF  power  amplifiers  and  of  the  different  responses  of 
the  cavity  to  the  beam  and  to  the  RF  drive.  For  a  simplified 
model  of  the  cavity  (transmission  line  equivalent)  the  transient 
beam  induced  voltage  is  parabolic  with  a  response  time  of  560 
ns.  The  correction  from  the  amplifier  has  a  rise  time  of  about 
1  ps  (combination  of  linear  rise  of  560  ns  in  the  cavity  and 
amplifier  rise  time)  (Fig.  2).  The  maximum  difference  when 
the  amplifier  is  slightly  overpowered  (max  power  1  MW)  can 
be  kept  below  \JA,  which  corresponds  to  a  residual  phase 
modulation  of  ±  10°  at  200  MHz  for  a  2MV  RF  voltage  per 
cavity. 

In  order  to  compress  the  bunches  prior  to  ejection  the  SPS 
will  be  equipped  with  three  superconducting  single  cell  400 
MHz  cavities  providing  an  additional  6MV  RF  voltage,  but 
with  a  negligible  contribution  to  the  machine  impedance  (with 
RF  feedback).  These  cavities  will  be  essentially  beam  driven 
at  ejection,  when  the  instantaneous  RF  frequency  of  the  beam 
current  is  brought  close  to  the  s.c.  cavity  resonant  frequency 
[5].  The  residual  phase  modulation  due  to  the  travelling  wave 
cavities  will  be  reduced  by  the  factor  h]  V,/(h1V1+h2V2  ) 
where  Vi,  V2,  hj,  h2are  the  voltages  and  harmonic  numbers  at 
200  MHz  and  400  MHz  respectively.  It  follows  that  the 
residual  400  MHz  phase  modulation  at  ejection  is  ±  8°. 

Due  to  the  large  bandwidth  of  the  travelling  wave 
structures,  it  is  always  possible  to  phase  modulate  the  ejected 
batch  to  match  the  equilibrium  phase  slope  in  the  LHC. 

Finally,  errors  in  the  synchronization  electronics  between 
the  two  machines  will  result  in  a  random  (but  constant  for  one 
batch)  error  estimated  to  ±  15°  at  400  MHz. 

III.  Signal  processing 

A.  Phase  Detection 

A  classical  double  balanced  mixer  circuit  will  be  used  as  a 
phase  detector  at  400  MHz  between  a  reconstructed  RF  burst 
from  the  beam  and  the  RF  reference.  A  technique  similar  to 
that  proposed  for  the  SLAC  B  factory  [6],  but  working  at  the 
RF  frequency  looks  adequate.  Each  bunch  will  produce  a  20 
ns  long  400  MHz  burst  (8  periods)  at  the  output  of  an  eight 
quarter  wave  couplers  comb  generator.  In  order  to  minimize 
the  total  length  of  the  comb  generator,  the  quarter  wave 
couplers  need  not  be  spaced  by  one  full  wavelength  provided 
the  cable  lengths  to  the  combiner  are  properly  selected.  The 
output  of  the  mixer  is  sampled  at  the  bunch  frequency  (40 
MHz)  and  converted  to  digital  form  for  subsequent 
processing. 

In  order  to  avoid  large  offsets  (=  60°)  which  would 
considerably  reduce  the  useful  range  of  the  phase  detector,  the 
RF  reference  applied  to  the  mixer  must  be  phase  modulated 
like  the  reference  applied  to  the  RF  cavities  [2)  [3]. 

B.  Filtering 

The  phase  error  signal  of  each  bunch  should  ideally  be 
phase  shifted  by  90°  at  the  synchrotron  frequency  and  applied 
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to  the  same  bunch  as  an  additional  feedback  voltage  V,,  after 
a  delay  of  one  or  several  turns.  If  the  same  processing  is 
applied  to  every  bunch,  one  obtains  an  overall  periodic 
transfer  function  which  repeats  every  fo  [7]  [8].  Within  a  0- 
(q/2  interval  the  filter  should  exhibit  a  high  gain  and  phase 
shift  close  to  90°  at  the  synchrotron  frequency  fs  to  get 
optimum  damping  with  minimum  RF  power.  Outside  the 
range  of  fs  the  gain  should  be  low  to  limit  noise  power,  in 
particular  it  must  vanish  at  zero  frequency  to  reject  the  phase 
detection  offsets.  For  the  particular  case  of  fast  damping  of 
injection  errors,  it  is  important  to  quickly  reject  the  injection 
offset;  this  takes  a  time  of  the  order  of  l/fp  where  fp  is  the 
frequency  of  the  peak  response  of  the  filter  (0  <  fp  <  fo/2).  For 
fp>fs  (differentiator  case)  the  offset  is  rejected  in  less  than  one 
synchrotron  period,  which  allows  closing  the  damping  loop 
very  soon  after  each  injection  without  saturation.  Noise 
induced  power  outside  the  fs  band  is  unimportant  at  injection, 
as  power  requirements  are  completely  determined  by  the 
initial  phase  errors. 

The  selected  filter  architecture  is  based  on  the  difference 
of  two  recursive  digital  filters  of  the  form: 

l-K.  1-K, 

H(to)  = - 1 - - -  (2) 

1  -  Kjexp(-jcoT)  1  -  K2exp(-joiT) 

which  can  be  realized  with  a  limited  memory  capacity  (3 
times  the  number  of  bunches)  and  simple  hardware  (Fig.  3), 
especially  if  Kt  and  K2  are  of  the  form  1-2N.  In  this  case, 
only  adders  and  substractors  are  needed.  The  cycle  time  of  the 
filter  (two  adders,  truncation,  memory  access  and  latch) 
amounts  to  less  than  20  ns,  smaller  than  the  bunch  to  bunch 
distance  of  25  ns.  Consequently  neither  multiplexing  nor 
down  sampling  would  be  necessary.  The  same  filter  could  be 
used  in  coast  where  fs=20Hz  is  smaller  by  changing  K,  and 
K2  (Ki=7/8,  K2=  15/16).  With  K,=3/4,  K2=7/8  and  ^=7/8, 
K2=15/16  one  obtains  the  curves  H(d))  of  Fig.  4.  An  additional 
memory  will  complement  the  filter  to  achieve  an  overall  one 
turn  delay.  Fig.  5  shows  how  quickly  the  filter  separates  the 
useful  fs  signal  from  the  unavoidable  offset  at  injection. 

C.  Postprocessing 

A  further  signal  processing  will  be  needed  before  applying 
the  signal  to  the  feedback  cavities  (longitudinal  kickers).  An 
equalization  circuit  is  needed  to  compensate  the  cavity 
response  at  least  up  to  a  frequency  corresponding  to  the  fastest 
change  of  phase  errors  at  injection  (a  few  MHz).  The 
feedback  cavities  will  be  equipped  with  RF  feedback  in  order 
not  to  increase  the  machine  impedance.  Their  closed  loop 
transfer  function  including  the  loop  delay  is  very  similar  to 
that  of  a  second  order  system  and  can  be  compensated  at  the 
digital  level  by  the  inverse  circuit. 

Holes  in  the  LHC  bunch  trains  need  special  treatment, 
otherwise  the  step  in  the  filter  output  signal  at  each  new  bunch 
following  a  hole  will  saturate  the  power  amplifier  during  the 
passage  of  the  first  bunches  of  the  batch.  It  is  proposed  to 
write  in  the  last  memory,  instead  of  the  non  significant  values 
of  the  hole,  the  value  of  the  first  following  bunch.  The  step, 
which  now  appears  at  the  beginning  of  the  hole  will  saturate 
the  chain  during  the  hole  instead  of  during  the  passage  of 
bunches. 


After  digital  processing,  the  feedback  signal  is  translated 
in  frequency  by  a  double  balanced  mixer  (rejected  carrier) 
driven  by  the  (phase  modulated)  RF. 

IV.  High  power  equipment 

A.  Feedback  Voltage 

For  a  damping  lime  of  three  synchrotron  periods  and 
maximum  phase  error  of  24°  RF  phase,  the  perdt  feedback 
voltage  amounts  to  Vf=360  kV.  It  will  be  provided  by  three 
200  MHz  "bar  cavities"  per  beam,  similar,  but  longer  to  those 
described  in  [1].  The  total  R/Q  of  the  feedback  cavities  (525ft 
per  beam)  is  comparable  to  that  of  the  main  cavities  (348ft  for 
the  two  beams),  however  their  effect  on  transient  beam 
loading  can  be  made  negligible  with  RF  feedback  (bandwidth 
±  400  KHz).  Each  feedback  cavity  will  be  driven  by  one  or 
several  200  MHz  tetrodes.  The  transformation  ratio  between 
accelerating  voltage  and  anode  voltage  should  be 
approximately  constant  over  the  range  of  the  bunch  to  bunch 
feedback  system  i.e  ±  20  MHz.  This  means  that  the  tetrode 
cavity  distance  must  be  as  short  as  possible  which  is  also 
beneficial  for  RF  feedback. 

B.  Power  Requirements 

The  peak  power  capability  of  the  tube  is  determined  by  V  f 
(120  kV  per  cavity)  and  the  maximum  tube  current  Ig 
transformed  at  the  cavity  gap  during  the  passage  of  a  batch  Ig 
*-Ib=1.25A  (RF  feedback  effect)  whereas  during  the  hole 
preceding  the  newly  injected  batch  (0.97  ps  long)  Ig  is  needed 
to  change  Vf  rapidly.  In  the  worst  case  8$=24°+15°,  one  finds 
Ig=1.82A  and  finally  an  installed  power  of  llOkW  per  cavity. 

In  this  scenario  the  very  fast  rate  of  change  of  Vf  induced 
by  the  residual  SPS  phase  modulation  (8°  in  200  ns)  will  be 
slow  rate  limited  by  the  processing  electronics,  the  result 
being  a  slower  damping  for  the  limited  number  of  bunches 
concerned. 
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Fig.  1  Phase  modulation  at  injection 


Fig.  2  Transient  induced  voltage  in  the 
SPS  travelling  wave  structure 


:  delay  of  L  clock  periods  (one  turn)  Equation  of  the  branch  of  the  filter  with  K=15/16: 

a  delay  of  L'  clock  periods  (one  turn  minus  a  fixed  delay)  y(n)=y(n-L)+(x(n)-y(n-L))/l  6  or 

N:  number  of  bits  y(n)=15/16  y(n-L)+x(n>/16 

Fig.  3  Architecture  of  the  filter 


Fig.  4  Amplitude  response  of  the  filter 
a:  Ki=7/8,  K2=15/16 
b:  K  i=3/5,  K2=7/8 


Fig.  5  Rejection  of  injection  offset 

top:  f,  oscillation  (2  phases  a,  b)  superimposed  on  unit  step  offset 
bottom:  filter  output 
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Abstract 

The  Direct  Digital  Synthesizers  (DDS)  have  a  proven 
record  of  high  frequency  stability  in  accelerator  beam  control. 
For  the  Low  Energy  Booster  working  in  the  frequency  range  of 
47MHz  to  60MHz,  a  highly  stable,  high  resolution  DDS  can 
improve  the  longitudinal  beam  stabilities.  With  the  DDS  as  tire 
source  it  would  be  highly  desirable  to  make  the  beam  phase 
loop  digital.  In  this  paper  we  show  the  description  of  the  loop 
hardware  and  a  method  to  simulate  the  performance  in  the  pres¬ 
ence  of  loop  delay  using  a  control  system  simulation  software 
called  SIMULINK.  Some  experimental  hardware  based  on 
DDS  system  which  was  used  to  accelerate  the  beam  in  the 
FNAL  booster  is  discussed. 

I.  INTRODUCTION 

Reason  for  going  to  digital  as  compared  to  analog  in  imple¬ 
menting  phase  loop  is  due  to  (1)  the  advent  of  super  stable,  high 
speed  and  high  resolution  direct  frequency  synthesizers  and  (2) 
the  opening  of  new  opportunities  to  implement  complete  real 
time  processor  control  without  additional  hardware  modifica¬ 
tions. 

A.  Frequency  source 

For  the  Low  Energy  Booster  tire  accelerating  frequency  is 
varying  through  the  cycle  from  47MHz  to  60MHz  and  there  are 
tough  requirements  to  both  frequency  stability  and  spectral 
purity  of  the  source.  The  rate  at  which  the  frequency  varies  is 
considerably  high  (2.5GHz/«).  All  this  is  within  easy  reach 
with  the  Gallium  Arsenide  technology.  Using  conventional  ana¬ 
log  circuits  the  super  frequency  stability  is  hard  to  satisfy. 
Recently  developed  high-speed  Direct  Digital  Synthesizers  are 
very  promising  as  master  oscillators.  Such  a  device  being  com¬ 
pletely  digital,  except  for  an  output  DAC,  provides  32-bit 
(2xlO~10)  frequency  resolution  with  its  stability  completely 
defined  by  external  fixed  frequency  oscillator.  Off-the-shelf 
ready  to  use  synthesizers  have  stability  to  the  order  of  10-8  or 
better.  However,  the  spectral  purity  depends  on  the  clock  fre¬ 
quency  and  the  operating  frequency.  The  output  signal  is 
generated  by  the  digital  adder  -  phase  integrator,  and  hence 
there  are  no  reasons  for  phase  discontinuity  unless  the  digital 
circuit  is  malfunctioning.  The  main  concern  will  be  about  the 
phase/frequency  noise,  creating  sidebands  with  the  synchrotron 
frequency  and  its  harmonics  near  the  fundamental  and  other 
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harmonics  of  the  revolution  frequency.  There  was  also  the  fear 
about  sidebands,  generated  due  to  stepwise  frequency  control 
during  the  cycle.  This  was  calculated  analytically  for  the  LEB 
and  was  shown  to  be  below  -55dBc  for  a  time  step  of  1.9ps  so 
that  all  the  dangerous  components  were  insignificant. 

B.  Beam  phase  loop. 

Even  a  perfect  frequency  source  requires  feedback  in  order 
to  provide  damping  of  dipole  synchrotron  oscillations.  The 
block-diagram  of  phase  loop  together  with  the  frequency 
source  is  shown  in  Fig.  1 . 


Fig.  1 :  Beam  Phase  Feedback  Loop 

In  order  to  simplify  the  picture,  radial  position  and  synchro¬ 
nization  loops  are  not  shown.  Digital  signal  processor  (DSP)  is 
used  to  provide  the  frequency  profile,  which  is  stored  in  its 
memory  and  the  data  is  applied  to  the  adder  input  with  a  rate  of 
500  kwords/s.  A  frequency  down  conversion  based  phase 
detector  uses  an  intermediate  frequency  of  10.7MHz.  The 
overall  bandwidth  is  300  kHz  and  linear  angle  range  is  ±130* . 
Gain  control  allows  programmable  loop  gain  during  the  accel¬ 
eration  cycle.  The  ADC  is  lOMs/s  with  12  bit  resolution.  Its 
speed  is  an  essential  parameter,  since  it  defines  the  effective 
delay  and  contributes  to  the  overall  loop  performance.  Fast 
digital  adder  circuits  are  needed  to  close  the  phase  loop. 

The  basic  requirement  for  the  phase  loop  is  associated  with 
damping  of  the  coherent  dipole  oscillations.  To  meet  this  gen¬ 
eral  requirement  effectively  the  open  loop  gain  of  the  loop  has 
to  be  designed  more  than  2  at  the  highest  synchrotron  fre¬ 
quency1.  For  synchrotron  frequency  /,  and  phase  stability  mar¬ 
gin  of  45*  the  limit  of  the  total  delay  is:  tmaz  •  1/16/,,  which 
gives  2.5(11  and  2.1(i*  for  the  LEB  and  FNAL  booster  accord¬ 
ingly.  This  limitation  becomes  more  tight  if  erne  will  take  into 
account  phase  shifts  due  to  limited  bandwidth  of  various  parts 
of  the  loop,  in  particular  -  the  phase  detector  and  accelerating 
cavities.  If  we  take  into  account  the  inevitable  cable  delays  (0.5 
- 1 .5  (u),  the  feasibility  of  digital  signal  processing  for  FNAL 
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booster  becomes  questionable.  To  proceed  with  this  we  started 
sane  experimental  test  on  FNAL  booster  and  also  analytical 
and  numerical  investigation  using  S1MULINK/MATLAB  soft¬ 
ware. 

H  SIMULATION  USING  MATLAB  SOFTWARE 

In  order  to  evaluate  the  loop  performance  in  actual  working 
conditions  we  have  to  build  the  complete  hardware  and  then 
test  with  beam  in  the  machine  in  the  presence  of  other  low  level 
rf  loops.  On  the  other  hand,  if  all  the  loops  are  decoupled,  then 
the  interaction  between  them  is  negligible.  This  allows  us  to 
independently  design  and  simulate  the  loop  by  representing  the 
hardware  components  as  blocks  with  appropriate  transfer  func¬ 
tions.  SIMULINK1  is  a  good  software  package  for  modelling 
and  simulating  such  control  loops  which  is  available  in  MAT- 
LAB.  This  software  provides  tools  to  investigate  the  behavior 
of  nonlinear  systems  as  well  as  systems  with  time  varying 
parameters.  The  latter  is  particularly  important  for  fast  cycling 
boosters,  where  typical  time  of  parameter  variation  is  compara¬ 
ble  with  the  period  of  the  synchrotron  frequency.  Using  SIM¬ 
ULINK  it  becomes  easy  to  investigate  the  single  particle 
behavior  with  a  well  known  control  terminology. 

The  loop  is  described  using  the  set  of  standard  as  well  as 
user-defined  blocks  (Fig.  2)  and  user-written  command  files. 
Fig.  3  shows  the  closed-loop  frequency  response  of  the  phase 
loop  for  the  LEB  parameters  with  an  effective  delay  of  lji*. 
Fig.  4  shows  the  response  of  the  same  loop  to  the  phase  step  for 
three  different  values  of  the  loop  gains.  For  the  open  loop  gain 
at  the  synchrotron  frequency  equal  to  3.0  the  damping  is  insuf¬ 
ficient  (Fig.  4).  While  decreasing  the  gain  lead  to  reduced  oscil¬ 
latory  response  on  the  natural  frequency  as  shown  in  Fig.  5  for 
a  gain  of  0.5.  In  Fig.  6  the  step  response  for  the  optimal  gain  of 
1.5  is  shown. 

Further  steps  in  the  simulation  could  involve  time  varying 
parameters,  which  will  increase  the  permissible  delay.  Both 
radial  and  synchronization  loops  can  be  added  to  investigate 
their  interactions  with  beam.  Beam-loading  effects  are  also 
easy  to  simulate. 


s«i 


Fig.  2:  SIMULINK  model  of  the  digital  beam  phase  loop 


Amplitude  [dB] 
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ffl  EXPERIMENTAL  STUDIES 

Some  experimental  work  on  FNAL  booster  low  level  rf 
system  was  done  to  establish  the  feasibility  of  the  Direct  Digi¬ 
tal  Synthesizer  based  digital  beam  phase  loop  for  a  fast  cycling 
machine.  As  a  first  step,  which  didn’t  require  special  beam 
time,  the  PLL  loop,  shown  in  Fig.7  for  locking  the  DDS  to  the 
beam  was  assembled  and  investigated.  Note  that  a  cable  delay 
of  l.4|u  was  introduced  in  the  loop.  The  DDS  was  locked  to 
the  beam  throughout  the  acceleration  cycle  with  the  phase  error 
controlled  to  within  to*.  The  loop  performance  was  com¬ 
pletely  defined  by  the  effective  loop  delay  and  the  processing 
algorithm  in  DSFW2.  Digital  processing  time  in  DSP#2  contrib¬ 
uted  additional  l.2|is  delay  in  the  loop. 


Figure  7.  Experimental  setup  used  at  Fermilab 


The  second  stage  of  the  experiment  was  done  by  replacing 
existing  VCO  and  part  of  the  phase  loop  by  the  circuit  shown 
in  Fig.  7  with  the  exception  of  DSP#2.  The  DDS  was  made  to 
drive  the  booster  cavities  to  control  the  beam  in  the  ring.  After 
setting  appropriate  loop  gain  the  acceleration  was  immediately 
obtained  All  the  qualities  of  the  beam  expected  from  a  normal 
booster  run  was  preserved  during  the  operation  with  the  DDS. 
The  experiment  was  conducted  upto  full  booster  intensity.  The 
accuracy  of  the  DDS/DSP  frequency  profile  was,  as  it  was 


expected,  significantly  better  than  that  of  the  VCO.  The  delay 
contrilxited  by  the  ADC,  adder  circuits  and  the  DDS  was  about 
o.6|u .  This  was  the  first  and  complete  proof  of  a  digital  fre¬ 
quency  source  together  with  partly  digital  phase  loop  which 
worked  on  an  existing  fast  cycling  machine.  With  this  experi¬ 
ence  we  believe  that  there  are  good  opportunities  which  lie 
ahead  to  use  the  hardware  for  the  LEB  so  that  the  reliability 
and  the  quality  of  beam  can  be  greatly  improved 

IV.  CONCLUSIONS 

Control  systems-oriented  SIMULINK  software  is  a  useful 
tool  for  the  analysis  of  beam-control-  systems  with  time-vary¬ 
ing  parameters.  Using  SIMULINK  a  simple  way  of  modelling 
and  then  the  simulation  of  the  practical  digital  beam  phase  loop 
is  shown.  Direct  Digital  Synthesizer  has  proved  to  be  a  precise 
RF  source  for  the  frequency  range  of  30MHz  to  60  MHz  and 
with  a  df/dt  m  3GHz/s.  So  it  can  be  used  for  the  LEB  as  well 
as  for  the  MEB  and  the  HEB.  As  the  time  progress  we  can 
expect  further  growth  in  DDS  technology  which  will  allow  us 
to  use  it  at  360MHz  for  the  colliderThe  possibility  of  using 
Digital  Signal  Processors  in  fast-cycling  booster  phase  loop  is 
limited  by  the  loop  time  delay.  LEB  has  a  good  layout  of  the 
RF  cavities,  wall  current  monitor  and  low-level  RF  equipment. 
So,  the  existing  TMS320C40  DSP  could  be  used  while  delay 
budget  in  the  FNAL  booster  barely  allows  such  things.  Having 
a  DSP  directly  in  the  phase  loop  as  in  Fig.  7  is  useful  to  intro¬ 
duce  active  and  passive  filters  with  time-varying  gains.  Evi¬ 
dently,  for  larger  and/or  slower  machines  a  complete  digital  RF 
sources  and  the  feedback  is  an  advantage. 
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Abstract 

A  time-varying  state-space  control  model  was  pre¬ 
sented  and  used  to  predict  the  functions  required  to  cure 
the  injection  voltage  transients.  We  discuss  a  novel 
method  to  calculate  the  feedforward  functions.  Simula¬ 
tion  results  are  shown  to  validate  the  method. 

I.  INTRODUCTION 

It  is  required  in  the  LEB  for  proper  bunching  and 
acceleration  that  the  cavity  gap  voltage  transients  are 
controlled  to  within  specifications.  The  direct  RF  feed¬ 
back  and  local  phase  and  amplitude  loops  will  no  doubt 
be  able  to  control  the  injection  voltage  transients.  But 
before  trying  the  feedback  loops  it  is  usual  practice  to 
consider  some  open  loop  techniques  since  the  loops  tend 
to  affect  the  overall  stability  of  the  system.  Some  if  feed¬ 
back  [1]  and  feedforward  [2]  techniques  are  considered 
and  used  in  proton  accelerators  in  other  Laboratories. 
Feedforward  techniques  were  generally  applied  in  com¬ 
bination  with  the  local  rf  feedback  loops  so  that  the  com¬ 
bined  effect  would  cure  the  transients.  Feedforward 
techniques  require  accurate  prediction  of  the  functions. 
In  this  paper,  we  have  identified  the  time-varying  terms 
effecting  the  voltage  transients.  Later  we  show  a  method 
to  predict  the  compensating  terms  accurately  for  the 
parameters  of  the  Low  Energy  Booster.  We  think  this 
technique  is  applicable  to  similar  proton  machines  else¬ 
where.  The  technique  relies  on  the  accuracy  of  the  con¬ 
trol  model.  Our  particle  tracking  studies  show  that  the 
voltage  transients  are  kept  to  within  specifications  when 
the  feedforward  functions  were  realized  in  the  absence  of 
loops. 


II.  LINEAR  STATE-SPACE  MODEL 
Let  xl=  synchronization  phase  error,  x2=  radial 
position  error,  x3  =  beam  phase  error,  x4=  cavity  gap 
voltage  error,  x5 = cavity  gap  phase  error  and  x6=  tuning 
error.  Then  a  complete  state-space  model  can  be  derived 
for  a  macro  particle  using  the  accelerating  cavity  as  an 
equivalent  RLC  circuit  Development  of  a  complete  lin¬ 
ear  time-varying  state-space  model  is  well  described  in 
Reference  3.  We  simply  reinstate  the  model  below  in 
terms  of  the  system  matrix  <4 ,  the  input  matrix fi  and  the 
disturbance  matrix  d, 

x  =  Ax  +  Bu  +  d  (1) 

For  a  time-invariant  system,  the  terms  in  d  wiy  be  zero 
and  the  derivative  of  the  synchronous  phase,  ^  ,  is  neg- 
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ligibly  small.  Equation  1  agrees  with  Pedersen’s  model 
of  [4]  and  hence  satisfies  Robinson’s  stability  criteria. 
For  completeness,  we  include  the  exact  expression  of  (1) 
below. 
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The  model  was  compared  with  the  longitudinal  particle 
tracking  code  to  confirm  its  validity  when  the  rf  fre¬ 
quency  and  the  cavity  gap  voltage  were  varied  with  time 
during  the  acceleration  cycle.  We  see  that  the  cavity  gap 
voltage  has  a  large  initial  voltage  transients  when  there 
are  no  feedback  loops.  In  Fig.  1  the  cavity  gap  voltage 
enor  is  plotted  with  time  for  the  first  1  ms  after  injection. 
The  transients  have  been  identified  to  be  due  to  the  high 
rate  of  change  of  voltage  at  the  beginning,  just  after 
injection,  and  due  to  the  sudden  appearance  of  the  beam 
(Fig.  1).  We  have  identified  that  the  terms  c4  and  c5  in 
the  state-space  model  constitute  to  the  initial  voltage 
transients.  This  was  done  by  solving  for  the  gap  voltage 
error,  x4,  and  gap  phase  error,  x5,  from  the  state-space 
model  by  setting  terms  c4  and  c5  equal  to  zero  (See  Fig. 
1).  In  Pedersen’s  model  due  to  no  direct  RF  feedback 
(H=l)  and  no  time  varying  terms  (V  =C^derivative  of  the 
cavity  gap  voltage)  c4  and  c5  are  zero.  The  terms  c4 
and  c5  are  shown  below  to  gain  some  insight  into  their 
complexities. 


0-7803-1203- 1/93$03.00©1993  IEEE 
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(6) 


eA  »  -Fno(HV  +  a>Vtan*®)  -  Fj2<o  (V  +  oHV)  + 
FuoRKgco  (lbC0S4*  -  IgSin*L)  + 
FjjoRKgwC-^Sin^'  +  IgCOSifL)  +  (2) 

o/fV*(f  llC0S*L  +  F12Sin*L) 

c5  =  -F21o(HV  +  toVtan*°)-F22co(v  +  oHV)  + 
F21<jRK  aj^COS^'-JgSin^)  + 

F^aRKgCa  (“  I^Sin^*  +  IgCOS^L)  +  ^ 

oRKgig  (f21  cos<t>L  +  F22sin*L) 

F’s  in  (2)  and  (3)  depend  on  machine  parameters. 

Clearly,  the  direct  rf  feedback  alone  must  in  theory 
be  capable  of  reducing  the  rf  voltage  transients.  This  is 
however  insufficient  in  many  machines  including  the 
LEB  (See  Fig.  2)  due  to  the  limitation  on  the  direct  RF 
feedback  strength,  H,  (for  LEB,  H  =  20)  which  is 
restricted  by  the  loop  delays.  In  theory,  the  amplitude  and 
phase  loops  would  reduce  the  transients  to  zero  (Fig.  2) 
but  their  gains  are  again  restricted  due  to  the  overall  sta¬ 
bility  limits  and  the  cavity  tuning  conditions.  Since  the 
terms  responsible  for  the  transients  are  known  we  can 
develop  an  amplitude  and  a  phase  function  for  the  gener¬ 
ator  current  to  reduce  the  voltage  transients.  Feedback 
can  be  applied  later,  if  needed.  This  is  done  below. 

3.  TRANSIENT  COMPENSATION  WITHOUT  FEED¬ 
BACK 

When  we  say  the  transient  compensation  without 
feedback  we  mean  without  the  fast  loops  such  as  the 
direct  rf  feedback,  local  amplitude  and  phase  feedback. 
The  cavity  tuning  loop  is,  however,  a  must  for  the  LEB 
since  it  affects  all  other  states  (see  Eqn.  1).  To  see  the 
compensation  method  more  clearly,  at  Erst  we  extract  the 
cavity  voltage  and  phase  equations  below. 

x4  =  a42x2  +  a43x3  +  a44x4  +  a45x5  +  a46x6 

+  b43u3  +  b44u4  +  b45u3  +  c4  (4) 

x5  =  a52x2  +  a53x3  +  a54x4  +  a55x5  +  a56x6 

+  b53u3  +  b54u4  +  b55u5  +  c5  (5) 

The  control  ‘tt3’  is  the  frequency  shift  provided  in  the 
global  low  level  rf  beam  control  system  which  has  the 
effect  over  the  complete  ring.  Hence,  we  cannot  use  this 
term  to  generate  the  feedforward  function  local  to  the 
cavity.  Whereas  control  quantities,  u4-  the  generator 
current  amplitude  and  us  -  the  generator  current  phase 
are  affected  local  to  each  cavity  station.  Therefore,  by 
rearranging  «4  and  «5  in  Eqns.  (4)  and  (3)  such  that 
their  combined  effect  nullifies  the  effect  of  the  terms  c4 
and  on  xA  and  *5,  we  would  obtain  the  compensat¬ 
ing  function.  It  is  given  by  the  following  equation. 

The  parameters,  b’s  are  shown  in  Reference  3.  u4  and 
u5  are  calculated  from  Eqn.  (6)  for  the  LEB  machine 
parameters.  The  computed  feedforward  functions  are 


-1 

u4  _  b44  b45  “C4 
u5  b54  b55  -c5 

shown  in  Figs.  3  and  4.  The  generator  current  amplitude 
function  has  steps  due  to  the  discrete  nature  of  the  cavity 
voltage  we  used  in  the  program.  Fig.  3  shows  the  gap 
voltage  error  with  respect  to  time  after  applying  the  com¬ 
pensation.  Gearly  it  is  well  within  1  %  of  the  gap  voltage. 
A  disadvantage  with  this  type  of  compensation  is  due  to 
the  fact  that  uA  and  u5  also  affect  the  coherent  beam 
phase  oscillations  (see  Eqn.  1 ).  Also  the  upper  and  lower 
limits  of  these  quantities  must  be  in  a  realizable  form.  In 
the  simulation  studies  using  the  predicted  values  of  u4 
and  w5,  we  see  a  negligible  effect  on  the  beam  phase 
oscillations  since  the  cavity  voltage  amplitude  and  phase 
error  diminishes  with  accurate  feedforward  function. 
The  function  u4  and  u5  look  within  practical  limits  and 
can  be  realized  in  practice  using  function  generators  with 
the  functions  feeding  to  the  same  control  points  (See  Fig. 
6)  where  the  local  amplitude  and  phase  loops  were 
expected. 

4.  CONCLUSIONS 

In  this  paper  we  have  identified  the  terms  affecting 
the  injection  gap  voltage  transients  in  proton  synchro¬ 
trons  using  the  linear  time-varying  state-space  model 
derived  in  Reference  3.  Mathematical  model  was  derived 
with  the  assumption  that  the  ring  cavities  are  lumped  and 
is  a  simple  equivalent  RLC  circuit  Also,  the  fundamen¬ 
tal  of  the  beam  current  was  considered  to  include  the 
beam  loading  effects.  Using  the  model,  a  method  was 
described  to  calculate  the  local  feedforward  function  to 
cure  the  voltage  transients.  We  did  not  see  the  need  of 
local  amplitude  and  phase  loops  to  cure  only  predictable 
voltage  transients.  However,  the  presence  of  direct  RF 
feedback  loop  for  the  LEB,  although  not  essential,  would 
benifit  in  correcting  for  unpredictable  voltage  transients 
occurring  in  a  cycle  to  cycle  basis. 
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Pig.  1 :  Cavity  gap  voltage  error  with  time 
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Abstract 

We  have  designed  and  fabricated  a  phase  and  ampli¬ 
tude  correction  system1  fPACS)  using  digital  microelec¬ 
tronic  circuir  ies  and  wcrostrip  RF  components  with 
subnanosecond  switching  and  response  time.  The  control 
system  uses  a  feedforward  scheme  to  correct  unwanted 
variations  in  phase  and  amplitude  of  a  short  (<100  ns)  RF 
pulse  which  is  generated  repeatedly  by  an  external  RF 
source  (e.g.  relativistic  klystron,  FEL).  Programmable  or 
constant  phase  and  amplitude  (to  within  0.5°  and  0.1  dB, 
respectively)  are  achievable  with  the  PACS.  The  system 
features  a  digitally  programmable  phase  shifter  and  attenu¬ 
ator  based  on  a  direct  RF  digital-to-analog  converter1 
(RFDAC). 

Introduction 

RF  phase  and  amplitude  stability  is  critically  important 
for  many  accelerator  applications.  Devices  for  producing 
repeatable  pulses  of  microwave  energy  at  veiy  high  peak 
power  typically  include  a  pulsed  microwave  amplifier  which 
amplifies  an  input  signal  produced  by  a  low-powe.  micro- 
wave  generator.  The  energy  required  for  signal  amplifica¬ 
tion  may  be  derived  from  a  high  energy  electron  beam 
directed  into  the  amplifier.  Klystrons,  relativistic  klystrons, 
free  electron  lasers  and  cyclotron  auto-resonant  masers  are 
examples  of  pulsed  microwave  amplifiers  of  this  kind. 
Amplitude  and  phase  stability  at  the  output  of  such  pulsed 
microwave  amplifiers  is  strongly  dependent  on  the  stability 
of  the  current  and  voltage,  respectively,  of  the  driving 
electron  beam.  For  certain  electron  drivers  such  as  linear 
induction  accelerators,  it  is  difficult  to  eliminate  the  current 
and  voltage  variations  in  a  given  pulse.  Because  of  the 
physical  sizes  and  resulting  long  signal  paths  of  these 
devices,  feedback  correction  techniques  are  not  fast  enough 
to  correct  variations  in  the  phase  and  amplitude  of  the 
output  during  each  pulse.  An  analog  feedforward  correc¬ 
tion  systenr  was  considered  earlier  but  was  abandoned 
because,  among  other  reasons,  voltage-controlled  phase 
shifters  and  analog  output  switches  were  too  slow. 

Our  approach  here  is  to  use  a  fast  digital  feedforward 
correction  system  to  incrementally  reduce  phase  and 
amplitude  variations  in  successive  pulses.  The  apparatus 
comprises  1)  a  module  which  detects  the  phase  and 
amplitude  of  an  RF  output  pulse  as  a  function  of  time, 
compares  them  with  those  of  a  reference,  and  converts  the 
analog  error  signal  into  a  sequence  of  1-bit  error  data,  2) 
a  module  which  stores  and  processes  the  phase  and  ampli¬ 
tude  error  data  to  generate  two  separate  sequences  of  N-bit 
correction  words,  and  3)  a  module  which  uses  the  correc¬ 


tion  words  to  modulate  the  phase  and  amplitude  of  subse¬ 
quent  pulses.  Since  the  pulse  width  (<100  ns)  is  typically 
much  shorter  than  the  time  between  pulses  (>10  ms  at 
moderate  rep  rate),  the  error  detection  and  correction 
(modules  1  and  3)  require  very  fast,  accurate  and  reliable 
circuitiy,  while  the  error  processing  (module  2)  can  be  done 
at  a  much  slower  clock  rate  between  pulses.  The  system 
functions  are  synchronized  by  timing  and  control  logic. 
The  portable  system  is  designed  to  mount  in  a  standard  19 
inch  drawer,  complete  with  power  supply  and  self  test  logic. 
We  plan  to  test  this  system  soon  on  a  high-power  chopper- 
tron  at  Lawrence  Livermore  National  Laboratory. 

Description  of  the  System 

Fig.  1  is  a  functional  block  diagram  of  the  phase  and 
amplitude  correction  system  (PACS).  The  system  modifies 
the  RF  input  signal  based  on  error  information  obtained 
from  the  high  power  amplifier  output.  A  portion  of  the 
RF  CW  input  signal  is  used  to  provide  a  phase  reference 
for  '1.e  *'ACS.  Another  portion,  after  being  modified  by 
the  PACS,  is  used  to  drive  a  high  power  amplifier  such  as 
a  choppertron.  The  output  frequency  (11.4  GHz)  of  the 
LLNL  choppertron  is  twice  that  of  the  input  (5.7  GHz). 

A  small  amount  of  the  RF  output  pulse  power  is 
transported  via  a  directional  coupler  to  the  PACS  for 
processing.  This  signal  is  divided  by  a  splitter  and  applied 
to  a  phase  detector  and  an  amplitude  detector.  The 
frequency  of  the  phase  detector  reference  is  doubled  to  be 
coherent  with  the  RF  feedback  pulse.  An  adjustable  line 
stretcher  is  used  to  calibrate  the  phase  detector. 

An  internal  clock  driven  by  a  1.5-GHz  oscilF  or 
controls  the  timing  bin  width  and  the  number  of  bins 
during  a  pulse.  For  the  prototype  PACS,  we  divide  a  pulse 
into  18  bins  each  having  a  bin  width  of  4  ns.  The  starting 
time  of  the  first  bin  is  within  1/3  the  bin  width,  or  1.33  ns. 

Analog  phase  and  amplitude  error  signals  are  convert¬ 
ed  to  logic  levels,  bin-to-bin,  by  two  separate  comparators. 
Reference  voltages  or  thresholds  for  the  comparators  are 
individually  adjustable  with  potentiometers.  The  compara¬ 
tors  may  be  considered  to  be  1-bit  analog-to-digital  (A/D) 
converters.  A  third  comparator  produces  an  input  timing 
synchronization  pulse.  The  amplitude  error  threshold  is 
independent  of  the  input  timing  threshold.  A  fourth 
comparator  produces  the  output  timing  synchronization 
pulse.  The  input  to  the  fourth  comparator  is  provided  by 
an  external  timing  pulse.  This  pulse  is  timed  so  that  its 
leading  edge  causes  the  phase  and  amplitude  correction  sig¬ 
nals  to  arrive  at  the  input  of  the  high-power  amplifier  at 
the  appropriate  time  to  correct  the  output  pulse. 
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The  system  corrects  the  phase  and  amplitude  errors  in 
parallel.  Each  pulse  is  divided  into  M  bins.  There  are  as 
many  error  (1-bit)  words  and  correction  (N-bit)  words  as 
there  are  bins.  For  the  prototype,  M=18  and  N=6.  Each 
of  the  1-bit  error  data  indicates  whether  the  detected  phase 
or  amplitude  in  a  time  bin  is  higher  or  lower  than  the 
reference  in  the  same  time  bin.  The  phase  and  amplitude 
errors  are  stored  for  each  cycle  and  processed  between 
pulses  to  generate  the  correction  data  for  the  next  cycle. 
The  algorithm  for  the  mechanization  is  to  either  add  one 
to  a  correction  word,  or  subtract  one  from  it,  according  to 
the  sign  of  the  corresponding  error  word.  Shift  registers 
are  used  for  error  and  correction  data  storage.  A  timing 
signal  consisting  of  M  bursts  of  pulses  are  applied  to  write 
or  read  the  M  words  of  a  pulse. 

During  the  processing  cycle,  the  error  data  in  the 
storage  banks  is  read  out  by  applying  slow  clock  bursts 
(approximately  1  MHz)  of  M  pulses  and  processed  by  the 
correction  logic.  The  results  are  stored  in  storage  banks 
via  a  multiplexer.  During  the  correction  cycle,  the  correc¬ 
tion  data  is  shifted  out  of  storage  banks  by  applying  the  fast 
clock  bursts,  and  applied  separately  to  a  programmable 
phase  shifter  or  a  programmable  attenuator.  The  RF  input 
is  first  corrected  by  the  phase  shifter,  and  is  then  coupled 
to  the  attenuator  where  the  amplitude  is  corrected.  The 
attenuation  of  the  phase  and  amplitude  correctors  in  the 
prototype  system  is  chosen  to  provide  a  phase  correction 
range  of  ±30°  in  approximately  0.5°  steps,  and  an  ampli¬ 
tude  correction  range  of  ±3  dB  in  approximately  0.1  dB 
steps.  Finally,  the  PACS  output  is  applied  to  an  external 
circuit  as  an  RF  input  to  a  high  power  amplifier. 

Timing  and  Control 

The  fundamental  timing  of  the  PACS  is  shown  in  fig. 
2.  The  cycle  is  started  by  an  output  timing  pulse.  The 
correction  cycle  or  fast  output  clock  bursts  are  initiated  by 
the  leading  edge  of  output  timing  pulse,  and  the  processing 
cycle  or  slow  clock  bursts  by  the  trailing  edge.  The  output 
timing  pulse  is  approximately  2  microseconds  in  duration 
to  allow  for  completion  of  the  correction  cycle  before 
starting  the  data  processing  cycle.  The  RF  feedback  pulse 
appears  at  the  corrector  system  some  time  after  the  output 
fast  clock  bursts.  The  input  timing  pulse  occurs  when  the 
RF  output  pulse  is  detected  by  the  amplitude  detector  and 
comparator,  triggering  the  input  fast  clock  bursts.  The  fast 
output  clock  bursts  can  be  delayed  to  compensate  for 
differences  in  the  phase  and  amplitude  error  detection 
paths. 

The  M  slow  clock  bursts  of  the  data  processing  cycle 
are  initiated  after  the  completion  of  the  correction  cycle. 
In  the  prototype  PACS,  the  slow  error  processing  logic 
block  is  time-shared  by  the  phase  and  amplitude  correctors. 

The  input  timing  logic  and  output  timing  logic  are 
identical  in  generating  the  fast  clock  bursts  of  M  pulses, 
but  operate  independently  in  time.  They  are  driven  by  the 
high  frequency  clock  generated  by  the  1.5-GHz  oscillator. 


The  frequency  of  this  clock  is  6  times  the  bin  rate.  The 
bin-rate  clocks  are  derived  by  dividing-down  the  frequency 
of  this  clock.  Since  the  clock  bursts  are  started  on  any 
cycle  of  the  clock,  the  granularity  of  synchronizing  the  bin 
clocks  with  the  actual  bins  is  a  fraction  of  a  bin-time. 

Programmable  Phase  Shifter  and  Attenuator 

A  feature  of  the  present  system  is  the  provision  of  very 
fast  bin-to-bin  switching  in  the  phase  shifter  and  the 
attenuator.  For  this  purpose  we  have  conceived  and 
implemented  an  RF  digital-to-analog  converter  (RFDAC). 
The  basic  idea  of  the  RFDAC1  employs  mixers  that  are 
digitally  controlled  as  bi-phase  modulators  producing  binary 
weighted  outputs,  which  are  then  summed  to  produce  the 
desired  output  amplitude.  Schottky  diodes  possess  the 
properties  of  high-speed  switching  and  meet  the  drive 
requirements.  The  output  voltage  is  an  RF  signal  rather 
than  the  conventional  DC.  The  RFDAC  is  thus  an  appara¬ 
tus  which  produces  the  processed  RF  directly  without 
intermediate  analog  steps.  A  schematic  of  a  6-bit  RFDAC 
is  shown  in  fig.  3.  Leads  2  and  4  are  RF  input  and  output, 
respectively.  Lead  3  is  a  digital  input.  Prior  to  assembling 
the  phase  and  amplitude  correctors,  we  dynamically 
staircase  tested  a  6-bit  5.7-GHz  RFDAC  breadboard, 
monitoring  the  RF  waveform  with  a  Tektronix  11802 
sampling  scope.  A  control  logic  circuit  triggers  a  total  of 
64  steps  in  180  ns  (2.8  ns/step).  A  band-pass  filter  of  2.4 
GHz  bandwidth  centering  at  5.7  GHz  is  used  to  suppress 
logic  noise  feedthrough.  The  dynamic  test  setup  is  shown 
in  Fig.  4  and  the  staircase  test  results  are  shown  in  fig.  5. 

A  simple  way  to  implement  a  programmable  attenua¬ 
tor  using  an  RFDAC  is  shown  in  fig.  6.  The  RF  input  is 
split  by  a  power  splitter  and  applied  to  the  input  of  an 
RFDAC  and  to  a  power  combiner.  The  output  of  the 
RFDAC  is  applied  to  the  same  combiner.  The  RFDAC 
produces  an  RF  output  according  to  the  state  of  the  digital 
input.  The  output  voltage  of  the  combiner  is  equal  to 
0.7071  times  the  vector  sum  of  its  inputs  (not  accounting 
for  insertion  losses).  Thus  the  output  varies  in  amplitude 
according  to  the  state  of  the  digital  input.  The  dynamic 
range  of  the  attenuator  is  adjusted  by  setting  the  signal 
level  of  the  RF  DAC  range.  A  programmable  phase  shifter 
is  similarly  constructed  using  a  90°  combiner  in  place  of  the 
0°  combiner  in  the  programmable  attenuator.  The  range  of 
phase  shift  is  set  by  adjusting  the  signal  level  of  the 
RFDAC  range. 


We  thank  T.  Houck,  K.  Kawaguchi,  J.  Northland,  J. 
Papalski,  R.  Stever,  G.  Westenskow  and  J.  Vogler  for  their 
assistance. 
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Figure  2  System  Timing  Pulses 


Figure  4 

Dynamic  Test  Setup  for  an  RFDAC  Breadboard 


Figure  5  Staircase  Test  Results,  227.5  ns  to  257.5  ns,  in  2.8  ns  Steps 


Figure  6  Programmable  Phase  Shifter/Attenuator 
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Abstract 

This  paper  presents  the  results  of  the  adaptive  feedfor¬ 
ward  system  in  use  on  the  Ground  Tbst  Accelerator  (GTA). 
The  adaptive  feedforward  system  was  shown  to  correct  re¬ 
petitive,  high-frequency  errors  in  the  amplitude  and  phase 
of  the  RF  field  of  the  pulsed  accelerator.  The  adaptive  feed¬ 
forward  system  was  designed  as  an  augmentation  to  the  RF 
field  feedback  control  system  and  was  able  to  extend  the  clo¬ 
sed-loop  bandwidth  and  distuibance  rejection  by  a  factor  of 
ten.  Within  a  second  implementation,  the  adaptive  feedfor¬ 
ward  hardware  was  implemented  in  place  of  the  feedback 
control  system  and  was  shown  to  negate  both  beam  tran¬ 
sients  and  phase  droop  in  the  klystron  amplifier. 

I.  Introduction 


The  GTA  control  system  uses  feedback  to  control  the 
RF  Helds  in  the  accelerating  cavities.  A  simplified  block  dia¬ 
gram  of  the  GTA  RF  control  system  is  depicted  in  figure  1. 


Figure  1.  Simplified  block  diagram  of  GTA  control  system 


Closed-loop  bandwidths  of  a  few  hundred  kHz  have  been 
demonstrated  by  the  GTA  RF  control  systems  [1].  These 
bandwidths  are  limited  by  the  physical  properties  of  the 
high-Q  cryogenic  cavities,  the  high-power  amplifier  re¬ 
sponses,  and  the  long  propagation  delays  due  to  the  large 
physical  distances  between  equipment.  The  amplitude  and 
phase  disturbances  to  the  RF  Held  that  are  beyond  the  closed 
loop  bandwidth  cause  amplitude  and  phase  errors  in  the  ac¬ 
celerating  field.  A  significant  disturbance  that  occurs  with 
every  RF  pulse  is  the  beam  tum-on  transient.  The  fast  rise¬ 
time  of  the  beam  causes  the  accelerating  field  to  droop  be¬ 
fore  the  feedback  system  can  compensate.  The  beam  tum- 
on  disturbance  causes  transient  errors  in  the  field  amplitude 
and  phase  for  a  few  microseconds  as  the  feedback  loop  recov- 


•Work  supported  and  funded  by  the  United  States  Department  of 
Defense,  Army  Strategic  Defense  Command,  under  the  auspices  of 
the  United  States  Department  of  Energy. 


ers.  Due  to  the  repetitive  nature  of  the  beam  transients,  a 
feedforward  correction  function  can  be  inserted  into  the 
drive  signal  that  will  predict  the  beam  transient  affects.  This 
correction  function  is  adaptively  updated  as  the  accelerator 
operates  to  optimize  a  correction  function  that  negates  the 
repetitive  disturbances.  The  detailed  theory  of  operation  is 
described  elsewhere  [2-4].  This  paper  will  focus  on  the  ex¬ 
perimental  results  of  the  hardware  functioning  on  the  first 
drift  tube  linac  (DTL)  cavity  of  GTA. 

II.  Enhancement  To  Feedback 

The  adaptive  feedforward  hardware  was  designed  to 
operate  as  a  modular  addition  to  enhance  the  feedback  con¬ 
trol  system.  Figure  1  shows  the  experimental  setup  for  the 
adaptive  feedforward  tests  on  the  first  850  MHz  DTL  cavity 
of  GTA.  The  operating  conditions  for  the  DTL  consist  of  a 
gap  voltage  of  2.1  MV,  a  beam  current  of  30  mA  with  a  -30* 
synchronous  phase,  and  copper  losses  of  33  kW.  From  this, 
the  beam  loading  calculates  to  be  62%. 


Figure  2.  Modelled  results  of  feedforward  as  enhancement 
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Figure  2  shows  the  predicted  RF  system  performance 
determined  with  a  sophisticated  software  model  of  the  GTA 
RF  system.  The  figure  shows  a  sequence  of  five  traces  that 
depict  the  expected  feedforward  and  error  signals  as  the 
adaptation  occurs  over  the  course  of  50  pulses.  The  feedfor¬ 
ward  correction  function  adapts  to  the  transient  errors  in  the 
RF  field  caused  by  the  beam  pulse  turning  on  and  off.  Notice 
that  the  feedforward  signal  grows  and  the  error  signal  is  re¬ 
duced  as  the  hardware  adapts.  These  traces  depict  the  quad¬ 
rature  signals  only,  but  the  in-phase  errors  are  simulta¬ 
neously  reduced  as  well. 
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Figure  3.  Measured  results  of  feedforward  on  GTA 

Figure  3  shows  the  measured  data  from  an  experiment 
on  the  first  DTL  cavity  of  GTA.  Again,  five  feedforward  and 
five  error  signals  in  a  sequence  of  50  pulses  are  shown.  The 
errors  are  caused  by  the  beam  tum-on  and  turn-off  tran¬ 
sients.  As  the  system  operation  progresses,  the  correction 
function  improves  and  the  error  signal  is  reduced.  Before 
adaptation  begins  (pulse  0),  the  magnitude  of  error  in  the 
quadrature  component  of  the  RF  field  is  ±0.8%.  After  50 
pulses  of  adaptation,  the  quadrature  error  is  reduced  to  less 
than  ±0.1%.  Notice  that  the  measured  DTL  performance 


closely  matches  the  expected  performance  derived  from  the 
model. 

III.  Replacing  Feedback 

In  addition  to  the  intended  implementation  of  the 
adaptive  feedforward  module,  a  second  functional  configu¬ 
ration  was  evaluated.  Instead  of  using  the  device  as  a  feed¬ 
forward  enhancement  to  the  feedback  control  system,  the 
module  can  be  used  as  an  adaptive  controller,  replacing  the 
feedback  control  system  entirely.  Figure  4  shows  the  topolo¬ 
gy  of  this  configuration,  where  the  control  output  is  provided 


Figure  4.  Diagram  of  adaptive  control  system  (no  feedback) 

by  the  adaptive  controllers.  The  measured  parameters  of 
past  RF  pulses  are  used  to  derive  the  control  output  for  the 
current  pulse.  As  system  parameters  vary  over  time,  the 
adaptive  controllers  modify  the  control  output.  Any  instan¬ 
taneous  changes  in  the  system  require  a  number  of  pulses  for 
the  control  function  to  adapt,  but  the  system  does  track  slow 
changes  very  closely.  As  long  as  the  time  constants  for  the 
changes  are  significantly  longer  than  the  repetition  rate  for 
the  pulsed  accelerator,  the  field  amplitude  and  phase  can  be 
accurately  maintained.  For  the  GTA  DTL,  the  accelerator 
repetition  period  is  hundreds  of  milliseconds,  whereas  the 
changes  in  the  RF  hardware  performance  occurs  at  very  slow 
rates  (many  seconds  or  minutes).  A  drawback  of  this  device  is 
that  the  controller  needs  past  data  measurements  in  order  to 
adaptively  determine  the  control  output.  Consequently, 
when  the  system  is  turned  on  or  the  setpoint  changes,  a  num¬ 
ber  of  pulses  occur  before  the  field  parameters  settle  to  the 
operating  point. 

Figure  5  shows  the  measured  results  of  using  the  de¬ 
vice  as  an  adaptive  controller  to  maintain  the  amplitude  and 
phase  of  the  RF  field  in  the  accelerating  cavity.  These  plots 
show  5  traces  of  the  in-phase  and  quadrature  errors  for  the 
entire  RF  pulse  as  the  controller  adapts  for  50  pulses.  Notice 
that  before  the  adaptation  begins  (pulse  OX  the  field  falls 
during  the  beam  loading  and  there  is  a  ramp  in  the  quadra¬ 
ture  error  is  due  to  the  phase  droop  of  the  klystron  amplifier. 
After  50  pulses  of  adaptation,  the  in-phase  error  is  reduced 
from  0.8%  to  0.1%,  and  the  quadrature  error  is  reduced  from 
2.8%  to  0.1%.  During  this  experiment,  the  adaptive  control¬ 
ler  was  able  to  hold  the  RF  field  parameters  within  0.2%  of 
the  operating  point  for  many  minutes  of  operation. 
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Figure  5.  Measured  results  of  adaptive  control  (no  feedback) 


IV.  Future  Work 

These  experiments  proved  extremely  successful  and 
verified  the  concept  of  adaptive  feedforward  as  a  viable  solu¬ 
tion  to  improving  the  field  control  performance  for  pulsed 
accelerators.  In  addition,  some  possibilities  for  additional 
work  in  the  future  were  identified.  As  shown  in  figure  3, 
there  are  transient  glitches  that  grow  slowly  as  many  pulses 
are  accumulated.  These  glitches  are  a  result  of  the  adaptive 
algorithm  used  to  accumulate  the  error  functions  for  all  past 
pulses  with  no  way  of  eliminating  some  of  the  past  data.  Con¬ 
sequently,  any  circuit  or  computational  glitches  will  eventu¬ 
ally  grow  to  become  significant.  A  revision  that  incorporates 
a  forgetting  function  has  been  designed.  The  algorithm  gov¬ 
erning  the  adaptive  process  remains 
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but  whereas  in  the  original  implementation  all  the  kj  val¬ 
ues  were  equal,  the  revision  incorporates  exponential  kj 
values,  creating  a  windowing  or  forgetting  function.  The 
forgetting  function  creates  a  sliding  window  that  is  used  to 


weight  a  finite  number  of  past  data  values  for  accumula¬ 
tion  into  the  correction  function.  Consequently  the  algo¬ 
rithm  for  the  revision  is  described  by  the  equation 

MO  -  g  f»-i(0  +  k  •  eN.,(t  +  A7)  .  (2) 

In  this  algorithm,  the  gain,  k,  corresponds  to  the  adapta¬ 
tion  gain  which  affects  the  sensitivity  and  adaptation  time 
for  the  device.  The  gain,  g,  provides  the  forgetting  func¬ 
tion  that  is  used  to  discard  old  data  with  an  exponential 
decay.  The  preliminary  tests  with  the  new  design  show 
that  by  including  the  forgetting  function,  g,  the  adaptation 
gain,  k,  can  be  increased  significantly.  Thus,  the  new  de¬ 
sign  allows  more  input  sensitivity  (more  dynamic  range) 
and  provides  a  faster  settling  and  tracking  time. 

The  success  of  the  adaptive  controller  configuration 
suggests  additional  applications  for  this  type  of  device.  An 
adaptive,  stand-alone  controller  could  be  useful  for  many 
accelerator  RF  systems  where  conventional  feedback  con¬ 
trol  is  impractical.  For  example,  short-pulse-length  acceler¬ 
ators  typically  do  not  have  time  for  feedback  corrections.  The 
adaptive  controller  could  adaptively  predict  the  correct  con¬ 
trol  output. 

Currently,  there  is  significant  interest  in  evaluating 
the  usefulness  of  the  current  design  for  other  accelerator 
applications.  Adaptive  feedforward  tests  are  scheduled  for 
LANSCE  II,  University  of  Twente  FEL,  AFEL,  and  APLE. 
Each  of  these  accelerators  requires  control  bandwidths 
greater  than  a  feedback  system  can  provide.  The  adaptive 
feedforward  is  a  viable  solution  to  this  common  accelerator 
RF  control  requirement. 
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Abstract 

Preliminary  studies  of  a  high  resolution  Cornell  Electron- 
positron  Storage  Ring  (CESR)  bunch-to-bunch  signal 
processing  system  are  described.  In  these  studies,  a  prototype 
inductive-integrating,  sampling  current  monitor  is  evaluated 
for  improved  estimation  of  bunch  lifetimes  over  a  series  of 
planned  CESR  luminosity  upgrades.  Initial  test  Am*  indicate 
significant  performance  advantages  over  conventional 
electrostatic  pickup  systems  in  die  areas  of  linearity,  dynamic 
range  and  beam  position  sensitivity.  Novel  features  of  the  fast 
bunch  current  monitor  include  its  wideband  passive 
integrating  pickup,  diplex  filter  section  and  high  resolution 
bunch  signal  processor  (BSP).  Evaluation  studies  in  CESR 
indicate  this  fast  bunch  monitor  is  potentially  useful  in 
colliders  and  other  storage  rings  utilizing  bunch-to-bunch  or 
bunch  train  separations  down  to  80  nanoseconds.  Proposed 
system  revisions  to  permit  fast,  high  resolution  bunch  train 
current  measurements  in  future  CESR  operations  are 
discussed.  Commercial  availability  of  several  principal  bunch- 
to-bunch  current  monitor  components  is  noted. 

Introdmion 

Fundamental  revisions  of  CESR  storage  ring  operating 
procedure  are  presently  under  consideration  for  increased 
luminosity  via  multibunch-train  HEP  operation1.  Preliminary 
investigations  have  demonstrated  the  utility  of  diagnostic 
techniques  which  provide  accurate  lifetime  and  reliable 
absolute  charge  measurements  of  individual  trains. 
Applications  for  a  CESR  multichannel  fast  current  monitor 
include  injection  studies,  examination  of  differential  loss  near 
parasitic  crossings  and  tune-up  for  high  energy  physics. 

Accurate  differential  current  measurements  and  lifetime 
prediction  require  current  monitor  signal-to-noise  (SNR) 
performance  not  obtainable  with  electrostatic  pickups,  and 
absolute  determination  of  bunch  intensities  demands  linearity 
beyond  the  capability  of  conventional  pulse  stretchers.  A 
series  of  evaluation  studies2  conducted  at  Cornell  several  years 

*  Work  supported  by  NSF  grant  PHY-9014664. 


ago  in  collaboration  with  CERN's  LEP  Division 
demonstrated  the  potential  utility  for  CESR  of  a  high 
resolution  wideband  passive-integrating  bunch  charge 
monitor.  Since  that  time,  further  research  and  development  at 
CERN3*4  and  technology  transfer  to  the  commercial  sector 
has  led  to  evolution  of  several  high  performance  standardized 
system  components3.  This  paper  describes  a  prototype  system 
for  CESR,  based  on  these  components,  which  is  suitable  for 
both  multiple  bunch  and  bunch-train  measurements. 


Evaluation  Fast  Bunch  Processor  System 


A  single-channel  version  of  the  proposed  multichannel 
CESR  fast  bunch  monitor  (FBM),  assembled  for  evaluation 
of  principal  components  and  initial  diagnostic  tests,  is  shown 
in  Figure  1.  Of  principal  interest  are  performance  of  the 
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integrating  current  transformer  (ICT),  r.f.  diplexer  and  BSP 
fast  gated  integrator  subsystems.  The  ICT  and  BSP  are 
commercial  units  (ref.:  figure  2),  while  the  r.f.  diplexer  is  a 
proprietary  lowpass  filter  device.  For  evaluation  purposes,  the 
prototype  system's  analog  path  is  configured  to  resemble  that 
of  the  proposed  multichannel  monitor,  so  that  the  ultimate 
dynamic  range  and  linearity  parameters  of  the  proposed 
system  may  be  accurately  predicted  by  performance  of  the 
prototype.  Only  the  ADC  and  I/O  sections  differ:  for 
evaluation  studies,  a  high  resolution  integrating  voltmeter  and 
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an  IEEE-488  (GPIB)  data  bus  have  been  substituted  for  the 
high  resolution  ADC's  and  CESR  control  system  interface. 


Figure  2.  ICT  and  BSP  system  components. 

As  an  electron  or  positron  bunch  traverses  the  CESR 
current  monitor  assembly,  a  fraction  of  its  wakefield  energy 
propagates  through  a  capacitive  gap  in  the  ceramic  beampipe 
section  into  a  cavity  which  encloses  the  fast  (FCT),  ICT  and 
PCT  "d.c."  current  monitor  transformers.  Spectral 
components  of  the  trapped  electromagnetic  field,  in  the  range 
of  d.c.  to  approximately  600  MHz,  induce  corresponding 
signals  at  the  output  of  each  transformer.  The  FCT  output  is 
a  fast  (.02  to  320  MHz  <®  -3  dB)  single-turn  diagnostic  tool 
which  can  be  used  as  a  lower-resolution  "backup"  input  to  the 
fast  bunch  signal  processing  system  if  needed.  For  high 
resolution  diagnostics,  the  spectrally-shifted  ICT  signal  is 
required. 

As  a  signal  source  for  the  fast  bunch  processor  system,  the 
ICT  possesses  a  useful  property  of  passive  spectrum  down- 
conversion6,  transposing  essentially  all  energy  deposited  by  a 
passing  bunch  to  a  lower  frequency  range.  The  translated 
spectrum  is  now  entirely  within  the  upper  band  limit  of  the 
bunch  signal  processors'  (BSP)  precision  gated  differential 
integrator,  yielding  optimal  system  dynamic  range  and 
linearity.  System  waveforms  are  shown  in  Figure  3.  The  ICT 
output  waveform  of  Figure  3a  consists  of  a  spectrum-shifted 
(i.e.,  stretched)  pulse  of  around  35  nanoseconds  with  a  ringing 
artifact  superimposed  by  a  broad,  unavoidable  cavity 
resonance.  All  but  a  few  percent  of  the  wideband  input  energy 
has  been  translated  into  a  signal  bandwidth  of  =  0.1  to  20 
MHz.  Figure  3b  demonstrates  the  35  MHz  diplexer  lowpass 
filter  section's  effect  in  removing  the  ringing  component. 
Pulse  width  broadening  from  the  original  35  nanosecond 
value  to  around  50  nanoseconds  occurs  in  the  filter,  but  has 
no  appreciable  effect  on  system  performance.  Figure  3c  shows 


the  timing  sequence  monitor  signal  available  from  the  BSP 
bunch  signal  processor.  Following  a  CESR  timing  system 
trigger,  the  processor  first  synchronizes,  then  initiates  a 
signal  integration  period  (70  nanoseconds  for  CESR),  then 
integrates  with  opposite  sign  for  a  precisely  equal  time.  In 
CESR,  the  desired  bunch  is  acquired  during  the  second  timing 
window,  with  the  corresponding  baseline  offset  integral  taken 
during  the  third  window,  after  which  the  BSP  resets  to  its 
quiescent  state. 
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Figure  3.  FBM  signal  and  timing  view  waveforms. 


Evaluation-data 

Signal-to-noise  (SNR)  performance,  dynamic  range  and 
linearity  are  extracted  from  analysis  of  data  collected  at  a  fixed 
timing  value.  Results  of  the  data  analysis  are  presented  in 
Table  1. 


Resolution: 
Maximum  charge: 
Dynamic  range: 
Linearity: 


QNrms  =  8.40E6  e 
Qmax.  =  9.03E11  e 
=  1.07E5 
=  1.47E-3 


Table  1.  Measured  parameters. 

These  measurements  indicate  a  CESR  fast  bunch 
resolution  of  approximately  1.3  pC  (0.53  pA) — very  good 
performance  for  the  167  ms  averaging  period  under  which  the 
evaluation  data  were  taken  (a  factor  of  1.5  improvement  is 
expected  with  a  0.5  sec/point  data  input  rate  of  the  proposed 
multichannel  system).  Saturation  bunch  charge  has  been 
calculated  from  the  data  scale  factor,  the  dynamic  range  figure 
is  based  on  the  system  saturation  level  and  the  calculated 
resolution.  An  upper  bound  on  minimum  linearity  is  derived 
from  an  exponential  fit  to  the  full  data  set. 
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Position  sensitivity  is  a  critical  parameter  which  can 
strongly  affect  system  resolution,  due  to  the  large  transverse 
noise  inherent  in  circulating  lepton  beams.  Although  the  high 
prototype  system  resolution  of  Table  1  indicates  little  or  no 
position  sensitivity,  a  study  of  large  deflections  in  both  x  and 
y  transverse  axes  was  conducted  over  a  full  range  of  possible 
CESR  beam  position  offsets  to  verify  the  observation  under 
worst-cast  conditions.  From  analysis  of  the  data,  we  conclude 
that  the  ICT  position  sensitivity  is  less  than  S  x  10"^  for  a 
±10.0  mm  deflection. 

Proposed  .Systems 


A  proposed  multichannel  high  resolution  bunch-to-bunch 
current  monitor  for  CESR  is  outlined  in  Figure  4.  Its  analog 


Figure  4.  Proposed  multichannel  FBM 

path  is  identical  to  the  evaluation  system,  with  the  exception 
of  signal  division  as  needed  for  the  parallel  bunch  signal 
processors.  In  the  parallel  system,  triggers  for  the  processors 
are  generated  locally  and  provision  is  made  for  interleaving 
(i.e.,  reassigning  sampling  times)  as  needed  to  best  utilize  the 
parallel  BSP  array.  Interfacing  to  the  CESR  control  system  is 
effected  through  a  parallel  system  of  20  bit  integrating  ADC's 
and  a  multiport  control  interface.  All  analog  and  digital 
subsystems  will  reside  in  a  single  VME  crate. 

In  the  near  future,  the  multichannel  system  is  expected  to 
serve  as  a  CESR  multi-bunch  train  fast  current  monitor. 
Because  the  bunches  in  a  CESR  train  will  be  separated  by  as 
little  as  14  nanoseconds,  the  fast  current  monitor  only 
provides  charge  integration  over  the  duration  of  each  of  the  18 
trains.  This  does  not  diminish  overall  diagnostic  capability, 
however,  since  high  resolution  measurements  of  the 
integrated  train  charges  will  provide  the  same  information 


regarding  differential  loss  and  absolute  intensity  as  before. 
Nonetheless,  it  is  evident  that  the  BSP  internal  timing  will 
have  to  be  substantially  modified  to  accommodate 
multibunch-train  operation,  since  the  trains  are  longer  than 
the  inter-train  separations.  We  anticipate  that  appropriate 
scaling  and  weighting  of  BSP  integration  window  intervals 
and  values  will  provide  a  viable  capability  for  future 
multibunch-train  studies  in  CESR. 

Conclusions 

Analysis  of  evaluation  data  collected  from  the  Cornell 
prototype  fast  bunch-to-bunch  current  monitor  indicates  that 
the  critical  performance  parameters  of  dynamic  range  and 
linearity  have  been  met  at  the  present  180  nanosecond  CESR 
bunch  spacing.  Position  sensitivity  has  been  found  to  be  at  or 
below  the  system  noise  level  for  beam  offsets  well  beyond 
the  maximum  CESR  aperture  at  the  ICT  pickup  location. 
The  multichannel  fast  current  monitor,  with  some  revisions, 
is  expected  to  remain  useful  over  a  series  of  CESR 
multibunch-train  upgrades.  Compared  with  button  or  stripline 
based  fast  current  monitors,  the  integrating  current 
transformer  (ICT>based  bunch  charge  monitor  appears  to  offer 
far  superior  dynamic  range,  negligible  beam  position 
sensitivity  and  relative  system  design  simplicity. 
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Abstract 

X-ray  fluorescence  from  thin  foils 
inserted  into  the  Naval  Postgraduate  School  linac 
has  been  used  to  measure  the  integrated  electron 
beam  intensity  when  the  accelerator  is  operating 
with  dark  current.  The  measured  x-ray  flux,  the 
known  inner  shell  ionization  cross  sections  and 
radiative  transition  probabilities  are  used  to 
obtain  measurements  of  dark  currents  of  the  order 
of  10' 14  Amperes.  The  same  arrangement  allows 
continuous,  in-situ  energy  calibration  of  our  SiLi 
detector  in  the  electromagnetic  noise  environment 
of  the  linac.  This  technique  was  originally 
developed  to  perform  absolute  production 
efficiency  measurements  of  parametric  x-ray 
generation  in  the  5  -  50  keV  range. 

I.  INTRODUCTION 

The  count  rate  for  X-ray  spectroscopy 
experiments  are  limited  by  detector 
characteristics  and  for  large  cross  section  events, 
the  incident  electron  current  must  be 
considerably  reduced.  In  our  experiment  to 
measure  the  characteristics  of  parametric  x- 
radiation  (Bragg  scattering  of  virtual  photons)1, 
the  electron  beam  from  a  pulsed  s-band  linac  was 
restricted  to  dark  current  wherein  the  electron 
gun  was  turned  off  and  average  currents  of  the  * 
order  of  10'14  amperes  were  incident  on  target 
( 1 0'14  A  is  approximately  1000  electrons  per  each 
1  ps  macrobunch  in  our  linac).  Such  small 
currents  presented  a  challenge  in  determining  the 
normalization  for  the  absolute  production 
efficiency  of  x-rays. 

A  second  consideration  is  the  energy 
calibration  of  the  x-ray  spectrum  in  the  linac 
environment.  The  detector  is  energy  calibrated 
against  known  sources  in  a  static  environment. 
However,  x-rays  are  generated  by  electrons  from  a 
pulsed  s-band  rf  linac  wherein  they  are 
accelerated  in  1  ps  macrobunches.  For  our 
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application,  the  microbunch  structure  is  not  a 
consideration  since  the  detector  resolving  time  is 
longer  than  the  linac  macrobunch  time.  During 
the  interaction  time  of  the  electron  with  the 
target,  there  are  sources  of  noise  associated  with 
the  linac  pulse  structure  which  distort  the  energy 
calibration.  These  include  klystron  rf  noise 
picked  up  by  the  detector  preamplifier  and 
ground  loop  currents.  Physical  corrections  such 
as  rf  shielding  and  grounding  of  the  detector 
system  are  only  partially  successful. 

II.  X-RAY  FLUORESCENCE  MEASUREMENTS 

Both  x-ray  energy  and  electron  fluence 
questions  have  been  successfully  addressed  by 
the  observation  of  K  fluorescence  photons  from 
electron-excited  atoms.  K  energies  are  well 
known.  Since  the  electro-excited  atomic  lifetimes 
are  much  shorter  than  1  p  s  they  may  be 
considered  to  be  created  within  the  linac  bunch 
duration.  With  the  knowledge  of  electron 
interaction  cross  sections2  and  from  radiative 
transition  probabilities3,  the  fluorescent  x-ray 
intensities  may  be  unfolded  to  obtain  the  incident 
electron  integrated  current.  Figure  1  presents  a 
spectrum  of  fluorescence  x-rays  obtained  from  a 
foil  target  consisting  of  a  sandwich  of  titanium, 
yttrium  and  tin.  For  this  measurement,  the  target 
foil  was  rotated  30°  from  normal  to  the  electron 
beam.  85  MeV  electrons  were  made  incident  upon 
the  foil  targets  and  x-rays  were  measured  with  a 
Si(Li)  detector  placed  at  45°  with  respect  to  the 
incident  electron  beam  direction.  We  have  also 
made  measurements  using  other  materials  such  as 
copper  and  indium  to  address  other  energy 
calibration  markers.  By  identifying  known 
emission  line  energies  with  observed  peaks  the 
measured  spectrum  could  be  calibrated. 

The  fluorescence  was  assumed  to  be 
isotropic.  Care  was  made  to  order  the  target  foils 
so  that  the  x-rays  were  generated  sequentially  in 
tin,  yttrium  and  titanium  in  order  to  insure  that 
the  softer  x-rays  suffered  less  attenuation.  The 
targets  were  placed  in  a  vacuum  chamber  and  had 
to  traverse  a  25  pm  kapton  window,  a  1.3  cm  air 
gap  and  a  50  pm  beryllium  window  before  entering 
a  5  mm  thick  Si(Li)  detector.  Corrections  for 
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attenuation4  in  the  intervening  materials  were 
made. 

n^aw 

where, 

Ne  =  total  number  of  electrons 
incident  on  target 
Nph  *  Number  of  photons  detected 
AW  =  Atomic  Weight  of  target  (g/mole) 
o  =  electron  interaction  cross  section  (cm2) 
Qd  =  detector  solid  angle 
p  =  density  of  target  material  (gm/cm2) 

N0  =  Avogadro's  number 
fdet  =  radiative  transition  probability 
teff  =  effective  target  thickness  (cm) 
a  =  total  photon  attenuation  factor 
e  =  detector  efficiency 

When  two  photons  arrive  within  the 
resolving  time  of  the  detector,  they  are  counted  as 
a  single  photon  with  energy  equal  to  the  sum  of 
the  two  photons.  The  inferred  average  currents 
when  the  ratio  between  linac  machine  pulses  and 
events  counted  in  the  pulse  height  analyzer  was 
2:1  differ  by  over  30  %.  *YT-.n  the  ratio  of 
machine  pulses  to  observed  counts  is  increased  to 
7:1,  the  range  of  inferred  c:..  rents  is  reduced  to  a 
more  consistent  13  %.  The  uncertainties 

presented  in  these  tables  mainly  reflect  the 
estimated  uncertainties  of  30  %  for  the  electron- 

2 

interaction  cross  section  and  10  %  for  the 

a 

radiative  transition  probabilities  .  These 
uncertainties  reflect  systematic  errors  for 
determination  of  the  absolute  integrated  beam 
current. 

ffl.  APPLICATION 

The  method  prescribed  here  was  used  to 
both  energy  calibrate  and  normalize  the  spectrum 

of  x-rays  from  parametric  x-radiation1.  Figure  2 
presents  an  observed  PXR  spectrum.  In  this 
observation,  a  thin  foil  of  tin  was  placed  on  the 
back  of  a  mosaic  graphite  target  from  which  the 
PXR  peaks  of  interest  were  generated.  The 

fluorescent  x-rays  and  the  parametric  x-rays 
were  measured  under  identical  conditions.  PXR 

peaks  are  located  at  integer  multiples  of  the 
fundamental.  By  carefully  selecting  x-ray 

fluorescence  calibration  materials,  the 

calibration  peak  may  be  made  to  not  interfere 
with  the  measurement  of  the  PXR  peak.  The  tin  x- 
ray  peaks  serves  both  as  an  energy  marker  and  as 
an  integrated  beam  current  monitor. 


IV.  CONCLUSION 

By  measuring  fluorescent  x-rays 
simultaneously  with  photons  generated  from 
parametric  x-radiation,  an  on-line  energy  and 
intensity  calibration  has  been  determined.  This 
technique  can  be  further  exploited  for  special 
circumstances.  With  a  soft  x-ray  detector 
contained  in  the  same  vacuum  system  as  the 
electron  beam,  it  would  be  possible  to  use  the  x- 
ray  fluorescence  from  the  parametric  x-ray 
generation  target.  For  example,  with  a  crystalline 
silicon  target,  1.8  keV  x-rays  would  have  to  be 
detected.  For  heavier  crystals  such  as  silver,  the 
present  arrangement  would  suffice  result  in  Ka  x- 

rays  of  22.16  and  21.99  keV  and  x-rays  of  24.9 
keV. 

The  method  described  in  this  paper  need 
not  be  confined  to  the  measurement  of  parametric 
x-radiation,  but  can  be  extended  to  other  sources 
such  as  channeling^  and  transition  radiation*1. 


Tin 

Yttrium 

Titanium 

Nnh 

453±95 

2553±1 94 

121 4± 1 77 

Ne  (108) 

9.67±3.67 

9.48±3.13 

8.57±2.99 

iQQ~14  A) 

3.70±1 .41 

3.62±1 .19 

3.28±1 .15 

Table  I.  Number  of  observed  photons,  incident 
electrons  and  average  current.  Elapsed  time  was 
4212  s. 
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Figure  1.  Pulse  Height  Analysis  Spectrum  of  fluorescent  x-rays  from  a  sandwich  foil  of 
titanium,  yttrium  and  tin.  In  Y  and  Sn  the  Ka  and  Kg  lines  are  observed.  Electron  beam 
energy  was  85  MeV. 


ENERGY  (keV) 

Figure  2.  Observed  spectrum  of  parametric  x-radiation  from  a  mosaic  graphite  target.  A 
thin  foil  of  tin  behind  the  PXR  target  was  used  to  create  the  calibration  peak  at  25.2  keV. 
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Abstract 

A  stripline  directional  coupler  beam  current  monitor 
capable  of  measuring  the  time  structure  of  a  30-ps  electron 
beam  bunch  has  been  developed.  The  time  response  per¬ 
formance  of  the  monitor  compares  very  well  with  Cherenkov 
light  produced  in  quartz  by  the  electron  beam.  The  four- 
pickup  monitor  is  now  used  on  a  routine  basis  for  measuring 
the  beam  duration,  tuning  for  optimized  beam  bunching,  and 
centering  the  bunch  in  the  beam  pipe. 

I.  INTRODUCTION 

The  RF  electron  linear  accelerator  at  EG&G/Santa 
Barbara  Operations  is  used  to  develop  and  calibrate  detectors 
sensitive  to  electron  or  gamma  radiation  pulses.  The  linac  is 
typically  operated  at  energies  between  1  and  26  MeV,  with 
peak  currents  between  a  few  milliamperes  and  200  A. 
Excellent  beam  bunching  (50-ps  wide  pulse)  has  made  it  an 
especially  useful  tool  for  studying  detector  systems  with 
bandwidths  up  to  1  or  2  GHz.  However,  as  our  detector  sys¬ 
tem  bandwidth  has  increased  over  the  years  into  the  multi- 
GHz  range,  the  beam  pulse  waveform  has  become  an  ap¬ 
preciable  contribution  to  the  measured  detector  signal. 
Improved  beam  measurements  are  needed  not  only  to  correct 
detector  data,  but  also  to  improve  accelerator  tuning.  We 
began  a  project  to  develop  a  beam  current  diagnostic  that 
would  faithfully  reproduce  the  time  structure  of  the  electron 
beam  bunch.  The  goal  was  a  clean  response  up  to  and  above 
10  GHz.  Another  objective  was  straightforward  use  as  an 
everyday  measurement,  without  special  setup  or  checkout 
required. 

The  workhorse  recorder  for  most  measurements  is  a  four 
channel  sampling  oscilloscope  (20-GHz  HP54120)  with  the 
sampling  head  a  few  feet  from  the  detector  being  tested.  For 
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our  applications,  a  nonintercepting  current  monitor  perma¬ 
nently  installed  in  the  linac  vacuum  pipe  is  ideal,  because 
then  beam  current  and  detector  measurements  can  be  made 
simultaneously  with  the  same  instrument.  After  some  inves¬ 
tigation  of  resistive  wall  image-current  monitors  and  B-dot 
probes,  we  settled  on  a  stripline  directional  coupler  as  the 
most  promising  technique  to  achieve  our  goals  of  bandwidth 
and  convenience. 

n.  THE  STRIPLINE  DIRECTIONAL  COUPLER 

The  basic  principle  of  the  directional  coupler  monitor  is 
illustrated  in  Figure  1.  The  pickup  is  a  simple  rod  spaced  just 


Figure  1 .  Schematic  of  beam  bunch  passing  the  pickup. 

inside  the  beam  pipe  wall  to  create  a  15-cm  long  50-£2 
transmission  line,  connected  to  the  outside  world  at  the  up¬ 
stream  end  with  a  50-0  vacuum  feedthrough  and  shorted  at 
the  downstream  end  to  the  beam  pipe  itself.  For  an  ultra- 
relativistic  electron  traveling  inside  the  beam  pipe,  the 
electromagnetic  field  just  inside  the  wall  of  the  pipe  is  al¬ 
most  purely  transverse,  and  can  be  thought  of  as  a  thin  disk 
traveling  along  with  the  electron.  More  accurately,  the 
FWHM  duration  of  the  fields  from  a  point  charge  is  1.4  a/yc, 
where  a  is  the  radius  of  the  pipe  and  y  is  E/mc2.  For  our 
case,  this  time  is  much  less  than  the  FWHM  of  the  beam 
pulse,  so  the  duration  of  the  electromagnetic  pulse  accurately 
reproduces  the  length  of  an  electron  beam  bunch.  As  the 
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field  sweeps  past  the  upstream  end  of  the  pickup  rod,  the 
magnetic  flux  threaded  by  the  loop  formed  by  the  pickup  rod 
and  the  pipe  beam  wall  will  rise  up  to  a  constant,  illustrated 
in  Figure  2.  An  oscilloscope  connected  to  the  coupler  by  the 


Figure  2.  The  magnetic  flux  producing  the  monitor  pulse. 

feedthrough  detects  the  resulting  EMF  as  a  negative  pulse 
proportional  to  the  beam  current  The  proportionality 
constant,  k,  is  approximately  equal  to  the  fraction  of  the 
beam  pipe  circumference  subtended  by  the  pickup  rod.  Be¬ 
cause  the  downstream  end  of  the  transmission  line  is  shorted, 
the  pulse  reflects  and  appears  at  the  scope  as  an  opposite 
polarity  pulse  delayed  by  twice  the  transit  time. 

In  reality,  of  course,  the  directional  coupler  response  is 
more  complicated  than  this  simple  picture,  especially  at  high 


frequencies.  The  two  main  effects  muddying  the  model  are 
wakefields  and  local  resonances  associated  with  the  coupling 
to  the  feedthrough.  We  use  the  term  wakefields  here  very 
loosely  to  mean  all  of  the  beam-induced  electromagnetic 
fields  aside  from  the  main  TEM  mode.  Every  discontinuity 
in  beam  pipe  diameter  (collimators,  for  example)  and  even 
the  finite  resistivity  of  the  beam  pipe  will  generate 
undesirable  electromagnetic  fields  following  the  beam  down 
the  vacuum  pipe  waveguide.  The  directional  coupler  pickup 
responds  without  discrimination  to  any  electromagnetic 
field,  so  the  observed  signal  will  happily  reproduce  all  of  the 
undesirable  wakefields  as  well  as  the  primary  beam  pulse. 
Our  attempts  (admittedly  not  exhaustive)  to  dampen  the 
wakefields  with  RF-absorbing  materials  created  other  prob¬ 
lems,  either  lowering  the  bandwidth  of  the  primary  response 
or  creating  new  sources  of  wakefields  themselves.  The 
simplest  solution  for  us  is  to  ensure  that  wakefield  frequen¬ 
cies  are  above  the  rolloff  frequency  of  our  recording  system. 
The  cutoff  frequency  of  a  cylindrical  waveguide  is  inversely 
proportional  to  the  radius  (0.5  cm  radius  corresponds  to  a 
17.5  GHz  cutoff),  so  we  constructed  the  directional  coupler 
in  a  small  diameter  pipe.  The  20-GHz  recording  system  then 
acts  as  a  low-pass  filter  for  any  propagating  wakefields. 

Particular  attention  was  paid  to  the  details  of  the 
feedthrough  and  its  coupling  to  the  pickup  rod.  For  example, 
the  exposed  dielectric  area  at  the  feedthrough  penetration  of 
the  beam  pipe  was  minimized  to  avoid  cavity  resonances. 
Small  diameter  pickup  rods  were  chosen  to  circumvent 
transverse  resonances. 

III.  RESULTS 

Figure  3  illustrates  the  method  used  to  test  some  of  the 
prototype  direction  couplers.  The  electron  beam  emerges 
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Figure  3.  Experimental  setup  for  comparison  of  directional  coupler  with  Cherenkov  light. 
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into  the  air  through  a  thin  window,  and  strikes  a  thin  quartz 
disk  at  47°,  producing  Cherenkov  light.  The  disk  is  masked 
to  a  4-mm  slit  to  minimize  time  of  flight  spreading  of  the 
optical  pulse,  which  is  then  reflected  and  focused  into  a 
Hamamatsu  C1S87  streak  camera.  After  the  streak  meas¬ 
urement,  the  quartz  is  remotely  moved  out  of  the  beam,  and 
the  directional  coupler  response  is  recorded  on  the  sampling 
oscilloscope.  Tests  were  also  made  with  the  directional 
coupler  mounted  to  the  linac  exit  port,  with  the  quartz  radia¬ 
tor  at  the  downstream  end  of  the  coupler.  Figure  4  shows  a 
comparison  of  the  streak  and  directional  coupler  responses. 
The  FWHM  of  both  is  about  35  ps. 


Time  (ps) 

Figure  4.  Directional  coupler  response  (solid)  and  streak 
of  Cherenkov  light  (dots). 
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Abstract 

To  monitor  maximum  current  density  and 
two-dimensional  ion  beam  current 
distribution  at  the  entrance  of  intense 
pulsed  neutron  source  of  INR  the  secondary 
electron  monitor  is  considered.  A  new 
means  is  realized  in  this  device.  Two- 
dimensional  primary  beam  current 
distribution  is  transformed  into  the 
corresponding  distribution  of  secondary 
electrons.  The  electron  distribution  is 
transferred  from  the  ion  beam  area, 
registered  in  discrete  points  and  finally 
approximated.  By  means  of  the  monitor  one 
can  detect  with  a  high  precision  the 
current  distribution  practically  within 
entire  ion  pipe  during  a  time  period  that 
is  not  more  than  10  ms. 

I.  INTRODUCTION 

To  present  the  termomechanical  damage 
of  first  wall  of  the  INR  intense  pulsed 
neutron  source  (INS)  [1.2]  as  a  result  of 
proton  beam  action  and  to  improve  the 
using  of  this  source  a  device  for  rapid 
monitoring  of  maximum  proton  beam  current 
density  jm  and  measuring  of  two- 
dimensional  beam  current  density 
distribution  j(x,y)  at.  the  entrance  of  INS 
is  needed. 

The  j(x,y)  measuring  system  must 
satisfy  a  number  of  stringent  requirements 
in  this  case.  Rms  error  of  jm  measurement 
must  be  not  more  than  ±  5 %  of  indication 
and  its  measurement  time  -  20  ms.  Radius 
of  measurement  area  must  be  not  less  than 
60  mm  when  the  ion  pipe  aperture  is  160 
mm.  The  device  must  ensure  its  calibration 
without  disassembling  and  must  disturb  the 
beam  negligibly. 

Our  studies  have  shown  that  the  known 
devices  for  j(x,y)  measurement  [3,4,5]  do 
not  satisfy  fully  these  requirements. 
However  a  secondary  electron  technique  [6] 
has  the  best  prospects.  As  for  example  the 


secondary  electron  monitor  described  in 
[7]  has  been  already  successfully  tested. 

II.  PRINCIPLE  OF  OPERATION 

Figure  1  shows  a  layout  of  such 
monitor  which  satisfies  the  requirements 
mentioned  above.  All  sizes  are  given  in 
mm. 


Fig.l.  Layout  of  the  beam  monitor. 

The  monitor  operation  principle  is  the 
following.  Electrons  that  have  been 
produced  as  a  result  of  interaction 
between  the  primary  beam  and  thin 
striplike  emitters  (1).  made  of  0.01  mm 
tantalum  foil,  are  accelerated  on  their 
path  from  the  emitter  with  negative 
potential  equal  to  -4  kV  till  the 
electrodes  (3)  under  ground  potential.  The 
focusing  of  the  electron  flux  in  (x,z) 
plane  was  realized  by  installation  of 
additional  electrodes  (2)  with  potential 
close  to  the  emitter  one.  Then  by 
semicircular  focusing  in  uniform  magnetic 
field  the  electrons  are  transferred  from 
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the  ion  beam  space  to  the  plane  of  04- 
channel  collector  (7).  The  magnetic  field 
is  highly  uniform  in  a  region  of  the 
electrons  motion  and  it  is  produced  by 
specially  shaped  poles  (4).  In  this  figure 
the  current  collector  (7)  maximum  sizes 
are  displayed  by:  solid  line  -  for 
occasion  of  beam  monitoring  at  the 
entrance  of  the  beam  trap,  dashed  line  - 
at  INS.  The  lock  and  screen  grids  are 
placed  before  the  collector  (7). 

Figures  2,3  explain  the  electrostatic 
focusing  in  primary  convertor  (PC)  and 
mutual  position  of  the  electrodes:  fig. 2 
shows  distribution  of  electrons  potential 
energy  in  the  electric  field  of  the 
electrodes  and  fig. 3  -  the  electrons 

trajectories  and  equi potential  lines  of 
the  same  electric  field. 


Fig. 2.  Distribution  of  electrons 
potential  energy  in  electric  field  of  PC. 


Fig. 3.  Electrons  trajectories  and 
equipotent ial  lines  of  the  electrodes 
field. 

The  distance  between  13  mm  wide 
emitters  is  2  mm.  the  diameter  of  focusing 
electrodes  and  grids  wires  is  equal  to  0.1 
mm  .  Leaving  the  emitter  surface  at  the 
normal  the  electrons  from  12  mn  part  are 
being  focused  into  0.2  mm  wide-  strip  at 


the  distance  of  26  cm  downstream.  The 
electrons  from  other  parts  produce 
background  that  has  current  density  more 
than  two  orders  less  than  corresponding 
magnitude  of  major  current. 

111.  RESOLUTION  OF  THE  MONITOR 

The  monitor  resolution  accounting  real 
initial  energy-angle  secondary  electron 
distribution  have  been  defined  by 
numerical  simulation.  In  this  case  HWHM 
secondary  electrons  distribution  along  v 
coordinate  in  the  collector  plane  is  0,5 
mm  and  along  x  -  4  mm  that  are  smaller  by 
a  factor  of  5  as  rms  sizes  of  the  ion 
beam.  The  electrons  initial  distribution 
along  y  was  assumed  to  be  delta-function 
and  along  x  as  uniform  within  emitter 
strip  width.  The  monitor  resolution  is 
inversely  proportional  to  electrons 
velocity  i.e.  by  raising  emitter  potential 
it  may  be  extremely  improved. 

Focusing  high  quality  that  have  been 
obtained  in  rather  simple  system  allows 
one  to  define  by  approximation  method  two- 
dimensional  distribution  j(x,y)  with  the 
demanded  accuracy  by  use  of  its 
measurement  in  64  discrete  points.  The 
two-dimensional  Kotelnikov  series 
technique  was  employed  for  approximation. 

The  PC  electrostatic  focusing  system 
have  been  tested  as  model  ,  a  photo  of 
which  is  shown  in  fig. 4.  A  single  strip 
thermoelectron  current  image  width  was 
less  than  2  mm  and  this  is  in  a  good 
respect  with  calculations. 


Fig. 4.  Photo  of  scale  model  PC. 

To  represent  the  results  o(  two- 
dimensional  ion  beam  cur font  distribution 
measurements  graphically  both  as  isometric 
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picture  and  lines  of  equal  current  density 
in  the  transverse  plane  the  corresponding 
software  has  been  developed.  Fig.  5 
illustrates  the  efficiency  of  two- 
dimensional  reconstruction  algorithm 
employing  Kotelnikov  series:  fig. 5(1) 
shows  the  initial  two-dimensional  beam 
current  density  distribution,  fig. 5(2)  - 
the  computer  simulation  of  64-channel 
collector  charges  measurement.  The  error 
of  the  measurement  was  supposed  to  be  a 
random  variable  in  the  range  ±3%  of 
indication.  The  distribution  reconstructed 
by  means  of  two-dimensional  Kotelnikov 
series  is  displayed  in  fig. 5(3). 


Fig. 5.  Results  of  simulation  of  j(x,y) 
measurement . 

IV.  CONCLUSION 

Estimations  and  model  tests  show  that 
the  time  period  necessary  for  registration 
of  two-dimensional  distribution  and 
determination  of  jm  is  less  than  10  ms  in 


our  case.  The  convertor  construction 
developed  allows  one  to  fulfill  the 
detector  operative  calibration  using  the 
electrons  of  thermoemission. 

Studies  have  shown  that  the  monitor 
discussed  can  be  successfully  used  with 
slight  modification  for  monitoring  of  the 
same  transverse  size  proton  beam  X  t  with 
pulsed  beam  current  up  to  15  A. 
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Abstract 

The  secondary  electron  rf  aonitors  for  short  ion  bunch 
phase  distribution  aeasureient  are  presented.  Construction 
particularities  of  the  uonitors,  influence  of  space  charge 
of  both  the  priiary  and  the  secondary  electron  beais  on  the 
phase  resolution,  theraal  regiae  of  the  target  during  beaa- 
target  interaction  are  considered. 


I.  INTRODUCTION 

The  secondary  electron  bunch  longitudinal  profile 
aonitors  have  the  best  prospects  for  detailed  study  of  the 
particles  longitudinal  dynaaics,  precise  beaa  longitudinal 
Batching  and  for  setting  up  the  rf  paraaeters  of  cavity 
accelerators  operating  in  a  lot  or  interaediate  energy 
region  especially. 

These  aonitors  have  been  designed  during  last  about 
twenty  years  at  MEPhI .  Two  aonitors  proposed  and  designed  at 
HEPhl  in  1978  and  1980  for  ion  linacs  have  been  successfully 
tested  respectively  at  IHEP  in  the  1-100  injector  (Protvino, 
1980)  and  at  INR  (Troitsk, 1988).  These  aonitors  use  lot 
energy  secondary  electrons  and  their  bandiidths  were  not 
less  than  20  GHz. 

In  this  report  a  short  review  of  this  activity  relative 
to  the  aonitors  for  L  band  ion  linac  with  high  bunch  density 
siailarly  to  project  beaa  paraaeters  of  linacs  at  SSCL  or 
INR  is  presented. 

These  aonitors  Bust  satisfy  the  next  aajor  requi reaents 
as  a  rule  their  phase  resolution  has  to  be  not  torse  than 
tio  degrees  at  the  frequency  of  bunches.  In  aany  cases  the 
detector  size  along  the  accelerator  aiis  aust  be  about  0.1 
a.  The  detector  aust  perait  its  inspection  without 
disasseabi ing.  To  use  the  saae  type  detector  for  entire 
accelerator  the  aajor  aonitor  paraaeters  aust  be  independent 
of  the  beaa  energy. 

Our  studies  have  shorn  that  the  secondary  electron  rf 
aonitors  satisfy  the  above  aentioned  requireaents  aost 
coapletely.  In  these  devices  the  phase  distribution  of  the 
high  energy  priaary  beaa  is  isochronously  transferred  into 
the  sane  distribution  of  the  low  energy  secondary  beaa.  Then 
this  secondary  distribution  is  coherently  transf oraed  into 
transverse  one  through  rf  aodulation  allowing  direct 
presentation  on  a  low  frequency  display. 

It  is  known  that  the  secondary  electron  eaission  is 
divided  into  low  energy  and  high  energy  coaponents.  The  tiae 
dispersion  of  the  foraer  was  found  to  be  less  than  6  ps  (1|, 
which  is  acceptable  for  aeasureaents  in  L  band  linac.  As  to 
the  latter,  its  dispersion  aay  be  Bade  less  than  0.1  ps 
[2,3].  Note  that  one  of  the  first  detectors  with  rf 
transverse  scanning  of  low  energy  secondary  electrons  was 
that  above  [1]. 


II.  PRINCIPLE  OF  OPERATION 

The  detectors  for  ion  beaa  analysis  consist  of  the 
priaary  convertor  (PC)  and  rf  shutter  (EFS)  with  single 
channel  collector  on  its  exit  or  rf-aodulator  (1FI)  with 
aultichannel  collector. 

PC  is  either  a  target  unit  with  threadlike  focusing 
electrodes  or  wire  target  without  electrodes.  In  first  case 
the  target-eai tter  is  a  strip  [3].  Fig. 1,2  Bake  the 
electrostatic  focusing  and  relative  position  of  the 
electrodes  clear  for  this  case. 


Fig.l.  Distribution  of  electrons  potential  energy  in 
electric  field  of  PC. 
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Fig. 2.  Electrons  trajectories  and  equipotential  lines  of 
field  as  above. 

EFS  of  longitudinal  or  transverse  types  are  used.  In 
the  foraer  the  electrons  are  energy  nodulated  by  either  the 
saae  or  aultiple  rf  used  in  the  linac  and  then  spatially 
separated  with  a  spectroaeter.  The  latter  contains  a  rf 
scanner  of  the  beaa  and  the  electron  spatial  separation  is 
accoiplished  in  a  drift  space  with  the  slit  col  1 iaator  on 
its  exit.  Replacing  in  EFS  the  colliaator  and  the  single 
channel  collector  with  the  aultichannel  one  and  choosing  the 
special  aonitor  operation  regiae  we  get  EFI  and  the 
corresponding  aonitor  with  resolution  better  than  2*  over  a 
range  of  entry  phases  not  less  than  90*  [3].  In  this  case 
the  rapid  longitudinal  profile  aeasureaents  can  be  carried 
out. 
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The  principle  of  the  aonitor  operation  consists  in  the 
folloiing.  By  applying  high  negative  voltage  to  the  target 
and  the  focusing  electrodes  in  PC  the  secondary  electrons 
produced  as  a  result  of  the  priiary  bean-target  interaction 
are  accelerated  and  foned  as  a  narroi  bean  at  the  entrance 
of  rf  resonator  of  BFS  (or  RFM)  so  that  the  aies  of  the 
electron  and  ion  beans  are  orthogonal  to  each  other.  Only 
for  sone  interval  of  input  particle  phases  the  electrons 
fill  pass  through  the  BFS.  Recording  the  collector  output 
signal  as  a  function  of  the  BFS  phase  te  get  the  bunch  phase 
distribution  averaged  over  the  ensenble  of  the  bean  bunches. 
The  nonitor  fith  RFM  allots  to  record  the  bunch  phase 
distribution  of  single  bunch. 


Fig. 2.  Dependences  of  6,  a*  .ax.ax'vs  the  target  radios 


III.  RESOLUTION  OF  THE  DETECTORS 


The  nonitor  phase  resolution  is  basically  deternined  by 
the  secondary  electron  phase  debunching  in  PC  and  the  BFS 
resolution.  The  phase  debunching  is  nainly  defined  by  the 
finite  transverse  spot  sizes  of  the  prinary  and  secondary 
beans  on  the  target  and  the  initial  secondary  electron 
energy  spread.  By  choosing  geonetry  and  potential  of  the 
target  (for  corresponding  ion  bean  energy)  the  debunching 
caused  by  the  finite  transverse  bean  sizes  nay  be  reduced  to 
negligibly  snail  value  in  conparison  fith  the  latter  [3]. 
Note  the  initial  secondary  bean  spread  in  energy  takes 
effect  fithin  the  electron  path  length  in  the  detector  fron 
the  target  to  the  half  rf  nodulator  gap  length.  To  nininize 
the  electron  phase  debunching  caused  by  this  last  reason  the 
distance  betfeen  the  target  and  the  gap  and  also  the 
electron  path  length  in  the  rf  nodulator  gap  nust  be  as 
snail  as  possible.  In  the  knofn  detector  [4]  the  rf 
nodulator  gap  fith  length  of  about  S  nn  is  placed  on  the  ion 
bean  pipe  boundary.  It  ought  not  to  place  the  BFS  gap  in  the 
accelerated  bean  area,  otherwise  the  electrons  fill  be 
nodulated  by  resultant  rf  voltage  one  conponent  of  fhich  is 
induced  by  the  ion  bean  and  another  -  by  the  BFS  generator. 

Using  a  toroidal  cavity  as  the  rf  nodulator  of  the 
electrons  a  suitable  degree  of  unifornity  of  rf  field  in 
electron  transit  slot  is  achieved  fith  the  ration  of  the  gap 
length  to  the  entrance  slit  fidth  not  less  than  S. 

Hofever,  there  are  sone  other  inportant  effects  fhich 
can  lead  to  a  degradation  of  nonitor  phase  resolution. 

IV.  INFLUENCE  OF  SPACE  CHARGE 

The  space  charge  forces  of  both  the  priiary  and  the 
secondary  electron  beans  disturb  the  electrons  notion  in  the 
nonitor.  As  a  result  of  this  interactions  the  electron  bean 
fas  got  an  added  broadening  of  nonentun  spectrun  (6,1),  an 
additional  angular  divergence  (ax'rad),  and  added  phase 
debunching  (a?), 

These  paraieters  as  function  of  equivalent  target  radius 
Bo  and  distance  i,  fron  target  to  the  resonator  fall  are 
displayed  in  fig. 3, 4  where :  for  fig. 3  -  target  potential 
u^s-dkV,  i/ -20nn,  distance  fron  the  ion  bean  axis  to  the 
fall  is  equal  20u;  for  fig. 4  -  u*=-4kV.  Proton  bean 
paraneters  fere:  proton  energy  -  100  NeV,  bean  diaaeter  - 
Snn,  bunch  phase  length  10°  of  0,2  GHz  and  pulsed  beam 
current  -  50iA. 


Fig. 4.  Dependences  of  ,  ai,a  x'vs  the  target  position 

Xf  relative  to  the  resonator  fall. 

As  it  follofs  fron  these  figures  the  radius  B  nust  be 
not  less  than  2nn  and  the  target  have  to  be  in  naxinun  of 
the  ion  bean  current  density  [3]. 

The  influence  of  space  charge  of  the  secondary  electron 
beans  is  illustrated  in  fig. 5, 6  there  the  electron  phase 
debunchings  of  427,6  MBz  as  function  of  the  target 
potential  U^  and  the  gap  length  U  are  shotn.  In  fig.S  for 
curves  1  and  2  the  secondary  electron  bunch  charges  Q  are  2 
pC  and  0,4  pC  respectively  and  for  3,4,5  Q  are  equal  to  38 
pC,  25  pC  and  7  gC.  In  the  first  case  the  bunch  phase 
length  t><p  is  30  of  427,6MHz  and  the  priiary  beat  energy  f 
-  2,5  NeV.  In  the  second  case^i^  =  10**,  1=70  NeV.  The  target 
■aterial  lay  be  either  carbon  or  tungsten  or  tantalui 
because  the  ion  bunch  charge  is  transferred  into  the 
secondary  charge  fith  corresponding  coefficients  are  equal 
to  the  secondary  electron  coefficients  for  the  above 
lentioned  laterial.  All  curves  in  fig. 6  are  defined  at  the 
electron  energy  1=10  keV  but  curve  1  -  for  1=4  keV  and 
Q=25  pC.  The  initial  beai  radius  for  all  curves  is  I  ■■  but 
for  curve  5  of  fig. 5  one  of  the  transverse  bunch  size  is 
equal  to  0,1 
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As  it  follows  froa  these  figures  the  target  potential 
is  to  be  about  tOkV  and  the  gap  length  -  about  lei. 

V.  BEAM  HEATING  OF  EMITTER 

The  aonitor  eaitter  heating  up  to  teaperature  then 
theraocurreot  density  can  excess  1  I  of  corresponding 
secondary  electron  current  density  restricts  the  device 
range  of  operation.  To  deteraine  tiae  dependence  of  the 
eaitter  aaxiaua  teaperature  when  it  is  being  pulse  beaa 
heated  an  unstationary  heat  transfer  equation  with  a  radiant 
heat  trasfer  tera  has  been  solved.  Theraophysical 
coefficients  for  teaperature  profiles  calculation  have  been 
taken  froa  [5].  The  beaa  current  density  distribution  tas 
taken  Gaussian. 


VI. CONCLUSION 


Our  consideration  deaonstrates  the  design  of  the  aonitor 
aust  take  account  of  the  influence  of  space  charge  of  both 
the  priaary  and  the  secondary  beaas  and  the  thernal  regiae 
of  the  target  on  the  aonitor  operation.  Our  studies  shots 
the  rf  aonitor  using  the  lot  energy  secondary  electron  can 
achieves  its  bandwidth  up  to  SO  GHz. 
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Fig. 7.  Dependence  teaperature  of  tire-target  vs  tiae. 

Fig. 7  shots  tungsten  teaperature  vs  tiae  at  2,5  HeV 
proton  beaa  heating.  Beaa  paraaeters  for  7(1):  beaa  iapulse 
frequency  f  =  1  Hz,  ras  r  -laa;  for  7(2):  f  =  l  Hz, 

ras  r  =  0 , Saa ;  for  7(3):  f  s  10  Bz,  rar  r  -laa.  The  eaitter 
tire  length  -  30aa,  radius  -  0,05aa.  Fig. 8  shots  carbon 
strip-eaitter  aaxiaua  teaperature  vs  tiae  for  the  saae  ion 
beaa:  for  8(1)  and  8(3)  -  ras  r  -laa,  for  8(2)  ras  rs0, Saa. 
For  1  and  2  curves  the  thickness  of  target  is  0, laa  and  for 
3  -  0,2aa.  The  target  geoaetry  for  fig. 8  is  shorn  in  fig. 2. 

Froa  these  figures  it  is  clear  the  strip  target  has 
advantage  over  the  tire  target. 
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Abstract 

The  time-structure  of  the  bunches  in  the  KEK-PF  storage 
ring  under  the  single  bunch  condition  was  measured  by 
means  of  a  photon  counting  system  installed  in  beamline 
21.  When  the  jitter  in  the  electronic  system  is  negligible, 
the  response  of  the  whole  system  is  finally  determined  by 
a  transit  time  spread  (TTS)  of  a  photomultiplier  (PMT). 
The  TTS  of  the  PMT  was  measured  with  a  picosecond 
pulse  laser  system,  pulse  width  of  which  was  about  7  ps  in 
FWHM.  A  current  dependence  of  the  longitudinal  bunch 
shape  was  observed  with  the  improved  system  and  was 
found  the  increase  of  the  asymmetry  with  the  increase  of 
the  current. 

1  Introduction 

In  a  positron  (electron)  storage  ring,  the  longitudinal 
bunch  shape  has  a  Gaussian  distribution  standard  devi¬ 
ation  of  which  is  determined  by  the  radiation  damping 
and  the  quantum  radiation  excitation  if  the  interaction 
between  bunches  and  the  vacuum  chamber  is  negligible 
at  a  low  current.  However,  when  the  beam  current  be¬ 
comes  large  and  the  interaction  increases,  the  longitudi¬ 
nal  bunch  shape  deviates  from  the  ideal  or  natural  bunch 
shape.  As  one  of  the  features  of  this  effect,  the  bunch 
lengthening  is  widely  investigated  not  only  theoretically 
but  also  experimentally^ J.  Furthermore,  it  is  also  pre¬ 
dicted  that  the  longitudinal  shape  is  deformed  from  the 
Gaussian  distribution®. 

We  have  installed  a  single  photon  counting  system  in 
beamline  21  in  the  KEK-PF.  An  excellent  dynamic  range 
is  obtained  when  enough  events  are  collected  and  high  time 
resolution  is  achieved  because  the  timing  at  which  event 
occurs  can  be  detected  precisely  with  a  fast  photomultiplier 
and  a  constant  fraction  discriminator.  A  large  dynamic 
range  of  the  system  gives  us  precise  measurement  of  the 
single  bunch  impurity  which  is  defined  as  a  ratio  of  electron 
number  in  unwanted  bunches  to  that  in  the  main  bunch. 

'Present  address:  National  Laboratory  for  High  Energy  Physics, 
Tsukuba  305,  Japan 

*  Present  address:  Oita-Tsurusaki  high  school,  Oita,  870-01, 
Japan 


Table  1:  Main  Parameters  of  KEK-PF-Ring 


Energy 

E 

2.5 

GeV 

Circumference 

C 

187.07 

m 

Betatron  tune 

8.37 

vv 

3.39 

Revolution  frequency 

frev 

1.6 

MHz 

Harmonic  number 

h 

312 

Radio  frequency 

frf 

500 

MHz 

Momentum  compaction  factor 

aP 

0.0157 

Radiation  damping  time 

rx 

7.79 

ms 

Tv 

7.82 

ms 

re 

3.92 

ms 

Measured  data  do  not  show  the  longitudinal  shape  but 
convolutions  of  the  response  function  of  the  system  to  the 
bunch  shape.  Therefore,  if  the  response  function  is  deter¬ 
mined,  we  will  be  able  to  reconstruct  the  original  bunch 
shape  by  the  deconvolution.  We  have  measured  the  re¬ 
sponse  function  of  the  system  using  a  picosecond  pulse 
laser  system* .  The  determination  of  time  response  and  its 
improvement  are  shown  in  Sec.  3.  With  a  new  electronic 
system,  the  bunch  shape  was  measured  as  a  function  of 
beam  current.  The  change  of  the  shape  of  the  bunch  is 
discussed  in  Sec.  4.  Related  parameters  of  the  KEK-PF 
storage  ring  is  listed  in  Table  1. 

2  Experimental  Setup 

The  experimental  setup  has  been  described  in  refs.  [3,  4]  in 
detail,  therefore  only  a  brief  outline  is  shown  here.  The 
system  is  shown  schematically  in  Fig.  1.  Photons  from 
the  nearest  bending  section  (BM21)  are  led  to  a  mirror 
chamber  through  a  vacuum  pipe  and  are  reflected  by  a 
mirror  made  of  SiC.  The  reflected  visible  light  reaches 
a  microchannel-plate  type  photomultiplier  (MCP-PMT, 
Hamamatsu  R2980U)  through  an  ICF-70  view  port,  a  Pb- 
acrylic  glass  of  22  mm  thickness,  light  reducing  filters  and  a 
precise  horizontal  slit.  The  intensity  of  photons  is  reduced 
to  the  level  of  one  photon  detection  per  about  a  hundred 

*The  picosecond  pulse  laser  system,  Faculty  of  Integrated  Arts 
and  Science,  Hiroshima  University 


0-7803- 1 203- 1/93S03.00C 1 993  IEEE 
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Figure  1:  The  photon  counting  system 
revolutions  of  a  bunch. 

Pulses  from  PMT  are  amplified  by  two  wideband  am¬ 
plifiers,  then  shaped  by  a  constant  fraction  discriminator 
(CFD)  and  led  to  a  time  to  amplitude  converter  (TAC). 
The  time  intervals  between  the  shaped  signal  from  the 
CFD  and  the  synchronized  signal  to  the  bunch  are  con¬ 
verted  to  the  pulse  heights  by  the  TAC.  The  outputs  from 
the  TAC  are  amplified  with  a  DC-amplifier  and  the  dis¬ 
tribution  of  pulse  heights  is  analyzed  with  a  multichannel 
analyzer  (MCA). 

3  Time  Response  of  the  System 

We  determined  the  time  response  of  the  system  using  the 
picosecond  pulse  laser  system.  Figure  2  shows  the  mea¬ 
suring  setup  schematically.  The  laser  pulse  has  the  wave- 


be  about  8  kHz. 

The  obtained  shape  was  far  wider  than  the  reported 
transit  time  spread  (TTS)  of  the  PMT.  We  found  that 
the  CFD  (Ortec  582)  limited  the  time  response  and  it 
was  exchanged  for  a  faster  CFD  (Tennelec  TC  454).  The 
time  response  was  greatly  improved  as  shown  in  Fig.  3, 
the  FWHM  of  which  was  about  28.18  ps.  In  order  to  de- 


Figure  3:  Time  response  of  the  system. 

termine  the  jitter  of  the  photodiode,  we  set  a  same  type 
photodiode  instead  of  the  PMT  and  made  a  same  mea¬ 
surement.  It  was  about  18  ps/ y/2  in  FWHM,  small  enough 
compared  with  the  whole  resolution  of  28  ps.  The  effect  of 
the  Pb-acrylic  glass  for  radiation  shield  was  measured  and 
no  evident  change  was  seen.  The  result  at  the  wavelength 
of  800  nm  is  almost  the  same  as  that  at  400  nm. 


Photodiode  /Sf 


4  Bunch  Shape 

We  express  the  response  function  of  Fig.  3  with 

«,(*)  =  £>  exp  (-(X.^)  ) 

by  the  least  square  method  using  a  computer  code  MI- 
NUIT.  The  fitted  results  are  shown  in  solid  curve  in  the 
figure.  Assuming  the  Gaussian  as  the  original  bunch  shape, 
we  tried  to  deconvolute  the  experimental  data  by  fitting 
with  the  equation 


Figure  2:  Time  response  measuring  system  with  the  pi¬ 
cosecond  pulse  laser. 


(1) 


length  of  about  800  nm,  the  pulse  width  of  about  7  ps 
in  FWHM  and  the  repetition  of  about  80  MHz.  As  the 
wavelength  is  somewhat  longer  than  the  sensitive  region 
of  the  PMT,  we  employed  an  optical  doubler  and  a  prism 
to  select  the  wavelength  of  400  nm  only.  About  a  third 
of  the  blue  light  are  reflected  by  a  half  mirror  and  led  to 
the  PMT  block.  The  straight  light  enters  a  pin-photodiode 
(HP  4203)  and  makes  a  stop  signal  to  the  TAC  through  a 
CFD.  The  mean  counting  rate  of  the  PMT  was  tuned  to 


where  A,  a  and  fi  are  fitting  parameters.  Figure  4  (a, 
b)  shows  the  result  for  /»= 9.5  mA  and  /*=  49  mA  respec¬ 
tively,  at  the  RF  voltage  of  1.3  MV.  Time  fries  from  right 
to  left  and  statistical  errors  are  also  shown  in  the  figure. 
The  fits  are  not  satisfactory  as  shown  in  the  figure.  The 
deviation  of  the  fitted  data  from  the  observation  is  appre¬ 
ciable,  especially  around  the  peak.  Judging  from  this  fact, 
we  conclude  that  the  Gaussian  bunch  shape  assumed  in 
Eq.  [1]  is  not  adequate. 
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Figure  4:  The  shape  of  the  main  bunch  and  the  calcu¬ 
lated  result  assuming  Gaussian  distribution  of  the  bunch 
at  4=9.5  mA  (a)  and  4=49  mA  (b). 

To  express  the  asymmetry,  we  introduce  a  time  dilata¬ 
tion  factor  r  and  fit  the  experimental  data  with  the  equa¬ 
tion 

— )exp(-£)df, 

(2) 

neglecting  the  response  function  of  the  system.  This  func¬ 
tion  has  no  theoretical  base  but  fits  very  well  as  shown  in 
Fig.  5.  The  fitted  a  and  r  are  shown  in  Fig.  6.  Using  this 


2700  2000  2900  3000  3100  3200 
Channel 

Figure  5:  The  fitted  bunch  shape. 

a,  we  fit  the  data  by  the  potential  well  distortion  formula 
(lower  current  side)  and  the  microwave  instability  formula 
(higher  current  side).  From  the  cross  point  of  the  two 
curves,  we  obtained  the  threshold  current  of  microwave  in¬ 
stability  to  be  27  mA.  This  fit  becomes  worse  gradually 
above  the  threshold.  We  conclude  that  the  behavior  of  the 
change  in  bunch  shape  varies  above  the  threshold.  More 
detailed  experiment  and  analysis  are  necessary. 
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Figure  6:  Current  dependence  of  the  bunch  length  a  (solid 
curve)  and  the  time  dilatation  factor  r. 

5  Summary 

We  have  considerably  improved  the  time  response  of  the 
photon  counting  system  installed  at  beamline  21  in  the 
KEK-PF  and  determined  the  time  response  function  of  the 
system  using  the  picosecond  pulse  laser  system.  With  im¬ 
proved  system,  the  change  in  the  bunch  shape  as  a  function 
of  the  beam  current  has  been  measured.  The  longitudinal 
bunch  shape  is  deformed  when  the  beam  current  is  high. 
Quantitative  determination  of  the  shape  will  be  done  in 
the  near  future. 

The  authors  wish  to  express  their  sincere  appreci¬ 
ation  to  Prof.  H.  Kobayakawa  who  supported  us  to 
make  experiments  in  the  PF  ring.  They  acknowledge 
Prof.  K.  Ohbayashi  of  Faculty  of  Integrated  Arts  and  Sci¬ 
ence,  Hiroshima  University  who  kindly  gave  us  the  oppor¬ 
tunity  to  use  the  picosecond  pulse  laser  system. 
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Abstract 

The  function  of  a  fifth  harmonic  (14.28  GHz)  bunch 
monitor  is  to  provide  a  signal  which  is  proportional  to  the 
electron  beam  bunch  size.  The  monitoring  of  the  rf  power 
signal  at  14.28  GHz  enables  the  operator  to  optimize  the 
rf  bunching  of  the  beam  at  the  end  of  the  first  accelerat¬ 
ing  section  where  the  full  bunching  has  been  formed  and 
remains  mainly  constant  in  size  throughout  the  rest  of  the 
electron  linac.  A  modified  version  of  the  SLAC  original 
bunch  monitor  has  been  fabricated  and  its  rf  properties 
measured.  This  paper  describes  the  design  and  the  initial 
measurement  results. 

I.  Introduction 

Knowledge  of  the  electron  beam  bunch  size  in  a  linear 
accelerator  provides  useful  information  about  the  beam  en¬ 
ergy  spread.  The  electron  beam  bunch  length  in  the  APS 
electron  linac  is  about  12°  in  phase  or  12  ps  after  the 
first  accelerating  section  where  the  beam  energy  is  nomi¬ 
nally  56  MeV.  Bunch  length  of  this  size  is  too  short  to  be 
measured  directly  by  conventional  timing  techniques.  In 
recent  years  several  time-resolved  imaging  techniques  have 
been  developed  and  used  to  measure  charged  particle  beam 
profiles  (particularly  e-beam)  with  very  short  time  struc¬ 
tures  (typically  10  —  20  ps)  [1].  These  techniques  rely  on 
the  detected  optical  radiation  in  the  visible  region  by  opti¬ 
cal  transition  radiation  (OTR),  Cherenkov  radiation,  and 
synchrotron  radiation  (SR)  using  gated  or  streak  cameras. 
These  methods  have  the  distinct  advantage  of  providing 
precise  information  about  a  detected  charge  distribution. 
For  the  APS  electron  linac  operation,  however,  it  is  de¬ 
sirable  to  dynamically  monitor  the  electron  bunch  length 
due  to  the  changes  in  the  low  energy  linac  parameters  (for 
example,  rf  power  and  phase  variation  of  the  pre-buncher 
and  the  buncher).  An  indirect  measuring  method,  using 
an  rf  cavity  resonant  at  the  fifth  harmonic  of  the  SLAC 
main  linac  fundamental  frequency  (2856  MHz),  was  pro¬ 
posed  by  R.  Miller  [2]  and  successfully  used  to  measure 
the  bunch  length  at  the  SLAC  main  linac.  The  modified 
bunch  monitor  consists  of  only  a  single  rf  induction  cavity 
resonant  at  14.28  GHz.  Figure  1  is  a  cross  sectional  view 
of  the  bunch  monitor.  As  the  beam  traverses  the  bunch 
monitor,  it  excites  the  cavity.  The  rf  power  from  the  cav¬ 
ity  is  detected  with  a  broad-band  detector.  The  detected 
signal  is  then  displayed  on  a  scope.  This  signal  is  propor¬ 
tional  to  the  second  moment  of  the  charge  distribution  in 
the  bunch. 

*Work  supported  by  U.S.  Department  of  Energy.  Office  of  Basic 
Energy  Sciences  under  Contract  No.  W-31-109-ENG-38. 


Figure  1 

Bunch  monitor  cross  section 


II.  Analytical  Derivations 

We  give  a  brief  derivation  based  on  the  moment  method 
suggested  by  R.  Miller  [2].  If  /(<)  is  the  instantaneous 
beam  current,  then  the  mth  moment  of  the  current  distri¬ 
bution  is  defined  as 

Em(tm)  =  -  f+  tmI(t)dt  (1) 

1  J-T 

where  q  is  the  total  charge  per  bunch 

q  =  J  I(t)dt,  (2) 

t  =  A-,  and  /,  is  the  linac  fundamental  frequency. 
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By  definition,  E9  =  1  and  the  origin  of  t  is  chosen  so 


that 

1  f+T 

E1(t)  =  -  /  tl(t)dt  =  0. 

9  J—T 

(3) 

Assuming  a  Gaussian  beam  distribution,  the  half-width  of 
the  bunch  is  defined  as 

<T=^Efi2). 

(4) 

The  beam  current  can  be  expressed  by  a  Fourier  series 

m=+oo 

7(1)  =  £  7me<m"-‘ 

m=  — oo 

(5) 

where 

/(w)  =  ^  /r  W*~iWtdi- 

(6) 

The  n-th  derivative  of  the  current  distribution,  7(w) 
uated  at  tv  =  0  is 

eval- 

(7) 

or 

(8) 

where  /«  =  So  7(w)  can  be  expanded  in  a  Taylor 

series  about  u  =  0  : 


I(u)  =  7,(1  -  ^E2u3  +  ^E3uj3  +  ±E<u*  +  ....)■  (9) 

For  low  harmonics  one  can  write: 

I  Im  |=  Ml  -  y(mu,0)2]  (10) 

where  m  is  the  rf  harmonic  number  (here,  m=5).  The 
beam-induced  power  from  a  cavity  resonating  at  the  m-th 
harmonic  is 

I  7  I2 

Pm  =  (11) 

where  Rm  is  the  cavity  shunt  impedance.  With  the  half¬ 
width  of  the  bunch  (in  radians)  defined  as  9  =  <7w0,  the 
beam-induced  power  can  be  expressed  as 

=  (12) 

Therefore,  the  power  from  the  cavity  is  proportional  to  the 
second  moment  of  the  bunch,  92.  For  m  =  5 , 9  =  0.21  ra¬ 
dians,  7<>  =  6.8  x  10-4  Amperes,  and  a  shunt  impedance 
of  1.3  x  10*  Q,  the  power  is 

PmvZmW.  (13) 

The  choice  of  the  fifth  harmonic  cavity  was  based  on  maxi¬ 
mizing  the  resulting  signal.  For  a  tube  size  of  about  1.0  cm, 
the  fifth  harmonic  provides  the  highest  signal  which  is  suf¬ 
ficiently  beyond  the  cutoff. 
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Figure  2 

Bunch  monitor  cavity  E-field  plot 

III.  Cavity  Design  and  Construction 

The  initial  SLAC  two-cavity  design  was  modified  to 
include  only  a  single  rf  induction  cavity  resonating  at 
14.28  GHz.  The  bunch  monitor  consists  of  three  separate 
pieces-  -copper  cavity,  copper  rectangular  waveguide,  and 
drift  tubes-  -all  copper  brazed  together  after  machining. 
The  assembled  structure  was  checked  for  leaks  around  the 
brazed  joints  with  a  helium  leak  detector.  No  leaks  were 
found  at  a  pressure  of  2  x  10"10  Torr.  A  vacuum  flange 
fabricated  from  304  stainless  steel  was  subsequently  brazed 
to  the  rectangular  wavequide  to  facilitate  attachment  of 
a  ceramic  vacuum  window.  The  window  is  mounted  in 
a  standard  brass  WR-62  rectangular  waveguide  and  the 
one-atmosphere  side  uses  a  standard  waveguide  flange.  A 
standard  WR-62  to  SMA  adaptor  completes  the  basic  as¬ 
sembly.  When  the  bunch  monitor  is  installed  in  the  APS 
electron  linac  a  coaxial  attenuator  and  a  zero  bias  schottky 
diode  detector  will  also  be  used.  The  basic  rf  properties 
of  the  bunch  monitor  were  determined  using  the  SUPER¬ 
FISH  program.  For  the  dimensions  shown  in  Figure  1, 
SUPERFISH  gives  a  resonant  frequency  of  /  =  14.27  GHz 
and  a  Q  =  3655  .  Figure  2  is  the  E-field  plot  for  this  cavity. 

IV.  Measurements 

The  cavity  was  excited  with  an  antenna  (E-probe)  with 
about  10  mW  of  rf  power  (~  +10  dBm)  provided  by 
the  network  analyzer.  The  signal  coupled  from  the  cav¬ 
ity  through  the  WR-62  waveguide  was  displayed  and  the 
cavity  resonant  frequency  and  the  quality  factor,  Q,  was 
determined.  Figure  3  shows  a  plot  of  the  relative  amplitude 
(dB)  versus  frequency  (GHz).  It  can  been  seen  from  this 
plot  that  the  dominant  frequency  (the  cavity’s  fundamen¬ 
tal  resonant  frequency)  is  14.28  GHz.  The  cavity's  quality 
factor,  Q.  was  determined  by  finding  the  3-dB  points  rel¬ 
ative  to  the  resonant  frequency  (see  Figure  4).  The  3-dB 
point  half-bandwidth  is  A /  =  2.0  MHz.  The  Q-value  is 
determined  by 
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Two  other  measurement  attempts  were  made,  unsuccess¬ 
fully,  to  characterize  the  cavity  by  exciting  it  using  a  cen¬ 
tral  wire.  In  the  first  setup,  since  the  diameter  of  the 
central  tapered  rod  (matched  50  fi)  was  comparable  to 
the  diameter  of  the  fifth-harmonic  cavity,  all  the  cavity’s 
modes  were  suppressed  by  the  central  rod  and  no  signals 
(beyond  the  noise  level)  were  observed  either  by  using  a 
short  (45  ps)  pulse  source  and  reading  the  response  on  an 
HP-8562A  spectrum  analyzer  or  with  an  HP-8510  network 
analyzer.  Nothing  but  noise  was  observed  in  the  region  of 
interest.  Next,  the  central  rod  was  replaced  by  a  thin  wire 
(~  1  mm  diameter)  and  the  measurements  were  repeated. 
With  the  pulsed  excitation  there  was  still  no  signal  ob¬ 
servable  above  the  noise.  On  the  network  analyzer,  there 
was  a  slight  rise  in  the  region  of  interest  but  it  had  no 
resemblance  to  the  predicted  high  Q  response. 

V.  Summary 

An  indirect  bunch  length  monitor  using  an  rf  cavity  is 
a  simple  and  non-destructive  method  of  providing  on-line 
information  about  the  relative  longitudinal  bunch  length  of 
the  electron  beam.  In  this  paper  we  described  the  design  of 
the  bunch  monitor  and  reported  on  the  rf  characterization 
of  the  rf  cavity.  Measurements  with  the  network  analyzer 
using  an  E-probe  gave  /„  =  14.28  GHz  and  Q  =  3571 
(Q  =  3655  from  SUPERFISH).  No  beam  measurements 
have  been  made  yet;  however,  the  bunch  monitor  is  being 
installed  in  the  electron  linac  beamline.  Final  calibration 
tests  will  be  done  using  the  APS  electron  linac  beam. 
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Characterization  of  Subnanosecond  Heavy-Ion 
Bunches  at  the  TASCC  Superconducting  Cyclotron 

O.R.  Mitchel  and  N.A.  Towne 
AECL  Research,  Chalk  River  Laboratories 
Chalk  River,  Ontario,  Canada,  KOJ  1  JO 


Abstract 

The  TASCC  heavy  ion  facility  produces  beams  at 
specific  energies  of  4  to  50  MeV/u.  We  report  on  the  fine 
time  structure  of  the  beam,  typically  bunches  of  150-500  ps 
FWHM,  at  a  repetition  rate  of  31-62  MHz.  Average  beam 
currents  range  from  1  to  500  enA.  The  ratio  between  peak 
and  dark  current  typically  exceeds  5000: 1 ,  ideal  for  time-of- 
flight  experiments.  We  also  discuss  measurements  of 
absolute  beam  energy  by  bunch  time-of-flight. 

I.  INTRODUCTION 

The  Chalk  River  Superconducting  Cyclotron  (SCC)  is  a 
K=520  machine,  fully  commissioned  in  Oct.  1991.  Its  two 
pairs  of  dees  operate  in  0-mode  or  T-mode,  from  31-62 
MHz.  It  accelerates  beams  from  3  Li  to  238  U  up  to  50 
MeV/u  and  10  MeV/u,  respectively.  Extracted  currents  range 
from  1  to  500  enA.  Here  we  discuss  the  timing  properties  of 
the  beam,  and  energy  measurement  by  bunch  time-of-flight. 

Figure  1  shows  the  TASCC  facility  layout.  A  Tandem 
accelerator  serves  as  injector  for  the  SCC.  The  Low  Energy 
Buncher  (LEB)  uses  an  rf  sawtooth  (up  to  2  kV  across  a 
grid)  to  pre-bunch  the  beam  to  about  1  ns  (10-20*  rf), 
focusing  at  the  Tandem  stripper  to  minimize  straggling.  The 
High  Energy  Buncher  (HEB)  is  a  double  drift  tube  device 
that  rebunches  the  beam  to  a  focus  at  the  SCC  stripper  foil. 
The  beam  is  sent  to  the  target  areas  through  the  time-of-flight 
energy  measurement  system  (described  in  Section  3  below). 


Figure  1 .  TASCC  Facility  Layout. 

H.  INJECTION  TIMING 

We  have  reported  on  the  phase  control  system  in  a 
previous  paper  [1],  but  briefly  re-cap  here  to  point  out  recent 


modifications.  A  capacitive  pickup  (CPP1)  after  the  Tandem 
provides  a  signal  to  a  phase  shifter  at  the  LEB  to  correct  for 
transit  time  variations  through  the  Tandem,  typically  of  order 
10-30°  rf.  An  analyzing  magnet  and  slits  after  the  HEB  are 
used  in  another  feedback  loop  to  remove  most  of  the 
unbunched  current  and  to  maintain  energy  stability  at  SCC 
injection  by  varying  the  HEB  phase.  The  beam  position  is 
stabilized  both  vertically  and  horizontally  using  analog 
feedback  at  the  object  slits  of  the  analyzer  [2]. 

The  HEB  is  operated  the  second  or  fourth  rf  harmonic, 
to  ensure  matching  of  the  drift  tube  length  to  0X/2  over  the 
wide  range  of  injected  beams,  and  so  not  all  HEB  focusing 
buckets  are  filled.  A  recently-developed  'bucket  control’ 
computer  program  monitors  the  beam  phase  and  coarsely 
resets  the  LEB  phase  to  feed  the  desired  HEB  bucket  after 
large  phase  shifts.  These  can  occur  after  ion  source  or 
Tandem  disruptions.  Residual  phase  noise  is  reduced  to 
typically  ±0.5°  rf  at  SCC  injection,  with  current  variations 
less  than  a  few  percent.  Much  recent  effort  has  gone  into 
noise  control,  improved  sensitivity  of  capacitive  phase  probes 
[3]  and  development  of  linear,  octave-bandwidth  phase 
modulators  [4].  Our  ability  to  bunch  and  phase-control  a 
Uranium  beam  of  <  10  enA  was  crucial  to  the 
commissioning  of  the  SCC. 

BEAM-PULSE  WIDTH  MEASURING  SYSTEM 


Figure  2.  Beam  Pulse  Detector. 

Bunch  lengths  are  measured  [5]  with  Beam  Pulse 
Detectors  (BPD)  (shown  in  Figure  2).  A  0.25  mm 
molybdenum  wire  at  -2  kV  is  inserted  into  the  beam.  Ions 
hitting  the  wire  produce  primary  electrons,  with  a  (low) 
probability  proportional  to  instantaneous  beam  current.  They 
are  accelerated  through  a  small  slot  to  a  'chevron'  micro- 
channel  plate  to  create  secondaries  with  a  gain  of  10*  and  a 
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transit-time  jitter  of  —50  ps  (manufacturer’s  data). 
Collected  at  a  conical  50  0  anode,  they  produce  pulses  of 
500  ps  risetime,  and  —  1  ns  width.  The  overall  detection 
efficiency  is  roughly  10*’  pulse  per  bunch.  The  electron  pulse 
arrival  time  is  strongly  correlated  with  the  instantaneous  ion 
current,  thus,  a  histogram  of  arrival  time  with  respect  to  the 
rf  clock  represents  the  bunch  shape  in  real-time.  Data  is 
accumulated  over  several  seconds  and  includes  residual  phase 
noise.  The  electronic  time  resolution  of  the  system  is  about 
60  ps  [5]. 

Figure  3  shows  the  time  structure  of  the  beam  measured 
at  SCC  injection,  with  (a)  the  HEB  alone  (at  4*  harmonic), 
(b)  the  LEB  alone  and  (c)  both  bunchers,  with  phase  control 
properly  set  up.  About  60%  of  the  DC  beam  from  the 
Tandem  is  bunched  as  shown.  72%  of  the  bunched  beam  is 
in  one  of  the  HEB  focusing  buckets,  with  the  rest  divided 
between  the  defocusing  HEB  buckets  and  the  out-of-phase 
focusing  buckets.  Typically  65-85%  of  the  bunched  beam  is 
in  the  desired  bucket,  for  an  overall  bunching  efficiency  of 
40-50%.  The  bunch  width  measured  at  SCC  injection  is  200 
ps  FWHM,  or  about  2.4°  rf  at  f  =  33.4  MHz  for  a  24  Mg 
beam  at  37.7  MeV.  Typical  injected  bunch  widths  are  in  the 
range  of  2.5-6”,  depending  on  the  frequency,  the  details  of 
beam  production  in  the  ion  source  and  straggling  in  the 
Tandem  (straggling  is  worse  for  heavier  beams). 


Figure  3.  Injection  Timing  with  Low  and  High-Energy 
Bunchers  “Mg  37.7  MeV,  f  =  33.4  MHz. 

Such  narrow  bunches  produce  well -separated  turns  in  the 
SCC,  making  diagnostics  easier.  We  use  single-turn 
extraction,  with  a  combination  of  (first  harmonic)  magnetic 
field  shaping  and  electrostatic  deflection.  The  energy  spread 
of  the  beam  is  limited  to  a  theoretical  value  of  1  -  cos 
(HWHM)  ~3  x  10"4  for  a  3*  bunch,  assuming  isochronism. 
Beam  extraction  efficiency  is  between  40%  and  100%, 
depending  on  the  electrostatic  deflector  gap  and  magnetic 
field  details  (e.g.  there  is  loss  of  radial  focusing  at  outer 
radius  due  to  loss  of  isochronism). 
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Figure  4.  Bunch  Widths  and  Current  Contrast  on 
Extraction. 

The  bunch  length  of  the  extracted  beam  is  usually  less 
than  at  injection,  both  because  of  the  bunch  compression  due 
to  the  increasing  DEE  voltage  with  radius  in  the  SCC  itself 
[6,7]  and  because  of  aperture-clipping  within  the  machine 
[8].  Figure  4  shows  the  bunch  length  for  two  different 
beams,  at  injection,  on  extraction  (at  BPD3),  and  analyzed  at 
BPD4  in  the  target  area.  In  the  first  case  (76  Ge,  4.2 
MeV/u,  41 .71  MHz),  the  bunch  length  is  270  ps  FWHM  (4* 
rf)  on  injection,  and  175  ps  FWHM  (2.5“)  at  extraction.  In 
the  second  case  (14  N,  40  MeV/u,  41.69  MHz),  the  injected 
bunches  are  purposely  wide,  750  ps  FWHM  (11°)  on 
injection,  140  ps  (2.1°)  at  extraction  (BPD3),  and  250  ps 
FWHM  (3.7”)  at  BPD4,  after  an  additional  6  m  drift  and  the 
dispersion  of  the  analyzing  magnet  (BE1  in  Fig.  1).  The 
injected  bunches  were  made  wide  and  the  current  high  to 
maximize  output  current.  Extraction  efficiency  was  low  due 
to  limited  deflector  voltage,  with  much  of  the  accelerated 
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beam  clipped  oo  the  deflector  electrode.  The  deflector 
performance  has  since  been  greatly  improved;  this  is 
reported  in  another  paper  in  this  conference  [9],  In  both 
cases,  the  bunch  timing  at  extraction  has  an  extraordinary 
level  of  time-contrast,  that  is,  the  ratio  between  instantaneous 
bunched  current  and  the  dark  current  between  bunches,  of  at 
least  5000:1.  This  is  of  interest  for  time-of-flight 
experiments. 

IH.  TIME-OF-FLIGHT  ENERGY  MEASUREMENT 

We  have  built  a  system  to  measure  the  absolute  beam 
energy  [10]  along  the  straight  section  of  the  extraction 
beamline  (shown  in  Fig.  1).  The  bunch  time-of-flight 
(BTOF)  energy  measurement  system  consists  of  an  array  of 
three  Beam  Pulse  Detectors  (BPD's)  on  the  extraction 
beamline  (BPD  4,5,6  in  Fig.  1).  The  bunches  are  time- 
resolved  by  each  detector,  and  from  the  time-of-flight  over 
the  29m  path  length,  the  velocity  and  energy  are  calculated. 

The  system  specifications  and  characteristics  are  as  follows: 

-  specific  energies  4-50  MeV/nucleon 

-  velocities  0  0.09  -  0.32 

-  bunch  repetition  rate  31  -  62  MHz 

-  typical  counting  rate  5  -  100  KHz 

-  range  of  detectable  currents  1  to  >  100  enA 
flight  path  6.755  m  +  22.540  m  (three  detectors) 
time-of-flight  300  -  1 100  nS 

-  transverse  spatial  resolution  0.25  mm  (wire  diam.) 

-  time-of-flight  determined  to  ±85  ps 
detector  position  surveyed  to  ±2  mm 

-  ACCURACY  OF  ENERGY  MEASUREMENT: 
jE/Eabs  ±3  x  lO4  for  4  MeV/u,  0  =.09,  41.7  MHz 

(e.g.  Ge  4.2) 

5E/Eabs  ±9  x  104  for  50  MeV/u,  0  =.32,  46.2  MHz 
(e.g.  C  50) 

A  representative  result  is  shown  in  Fig.  5.  The  injected 
bunch  pattern  is  shown  in  Fig.  5(a),  with  a  FWHM  of  330 
pS,  or  6.2*  rf  with  a  ’bucket  efficiency’  of  88%.  For  127 
I  at  15  MeV/u,  0  =.18,  52.09  MHz,  the  bunches  are 
/3X  —  1 .03  m  apart  in  the  beam-line.  Each  detector  in  the 
extraction  array  (BPD  4,5,6)  produces  a  bunch  footprint  at 
19.2  ns  intervals,  as  shown  in  Fig.  5(b), (c).  Using  one  pair 
of  detectors,  the  velocity  and  energy  can  be  determined  to 
within  1/n,  where  n  is  die  number  of  bunches  between  the 
detectors.  Using  three  detectors,  n  is  determined  uniquely, 
and  the  absolute  energy  found  to  within  6E/E  <  10*. 

We  have  now  done  measurements  of  absolute  energy  of 
five  beams,  in  seven  runs,  from  4.2  to  25  MeV/u.  Small 
energy  changes  of  order  10*  can  readily  be  detected  and  the 
SCC  tuning  corrected  as  needed. 

The  authors  wish  to  acknowledge  many  fruitful 
discussions  with  H.  Lindqvist. 
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Abstract 

In  order  to  image  the  longitudinal  phase  space  density 
distribution  of  a  beam  during  complicated  RF  manipulations 
or  during  important  points  in  the  ramp  such  as  transition,  a 
Phase  Space  Tomography  (PST)  monitor  has  been  installed  in 
the  Fermilab  Main  Ring.  Based  on  tomography  techniques 
normally  used  to  image  organs  inside  human  beings,  a  2-D 
map  of  the  internal  distribution  of  charge  in  longitudinal  phase 
space  is  produced.  The  detector  is  simply  a  resistive  wall 
monitor.  Presented  are  descriptions  of  the  monitor  hardware, 
image  reconstruction  software,  and  results  when  the  monitor  is 
used  to  diagnose  problems  during  the  coalescing  process. 

I.  Introduction 

During  commissioning  and  tuning  of  such  longitudinal 
beam  manipulations  as  coalescing  [1],  imaging  enhancements 
can  save  time  and  allow  the  diagnosis  of  problems  not  readily 
identifiable  by  more  traditional  beam  diagnostic  techniques. 
This  is  especially  true  in  the  longitudinal  plane  where  the 
shape  and  extent  of  the  beam  phase  space  distribution  with 
respect  to  the  separatrix  are  especially  important  parameters. 
One  technique  for  producing  such  an  image  of  the  longitudinal 
phase  space  of  the  beam  is  the  subject  of  this  paper.  The 
technique  is  very  similar  to  that  of  medical  CAT  scans  of 
human  patients. 

When  a  doctor  needs  to  know  the  2-dimensional  size, 
shape,  and  position  of  an  organ  in  a  patient,  a  now  common 
procedure  is  to  put  the  person  in  a  special  X-ray  machine. 
Instead  of  exposing  a  piece  of  photographic  film  to  a  single 
burst  of  radiation  through  the  body,  an  array  of  X-ray  tubes  and 
electronic  detectors  are  rotated  around  the  patient,  measuring 
the  attenuation  of  each  X-ray  beam  as  a  function  of  angle. 
This  attenuation  data  is  digitized  and  acquired  by  a  computer. 

In  1917  the  Austrian  mathematician  J.  Radon  published  a 
paper  proving  that  any  two-dimensional  object  can  be 
reconstructed  from  the  infinite  set  of  its  projections.  Later 
mathematicians  were  able  to  show  that  a  sufficient  number  of 
projections  could  reconstructed  the  two  dimensional  structure 
using  some  rather  simple  mathematical  algorithms.  Applying 
these  same  algorithms  to  the  X-ray  data,  a  computer  can 
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generate  a  2-dimensional  density  profile  of  the  person  on  a  grid 
of  pixels.  This  technique  is  called  tomography. 

In  the  case  of  a  particle  beam  it  is  relatively  easy  to 
measure  only  the  temporal  projection  of  a  longitudinal  phase 
space  charge  distribution.  Sending  the  signal  from  a  resistive 
wall  monitor  [2]  into  a  fast  digitizer  is  analogous  to  measuring 
the  signals  from  an  array  of  X-ray  detectors  from  just  one 
angle.  But  to  carry  the  analogy  between  medicine  and 
accelerator  physics  further,  imagine  that  instead  of  rotating  the 
X-ray  tubes,  the  patient  is  rotated.  This  is  called  a  synchrotron 
oscillation  in  the  world  of  accelerators!  By  digitizing  the 
output  of  the  resistive  wall  monitor  periodically  during  a 
synchrotron  period,  enough  projections  of  longitudinal  phase 
space  can  be  accumulated  to  use  the  standard  tomography 
reconstruction  algorithms  to  image  phase  space. 


Figure  1:  Mountain  range  plot  of  high  intensity  beam  during 
the  bunch  rotation  phase  of  coalescing.  Note  that  the  earlier 
bunches  are  debunching  while  the  later  ones  preserve  their 
shape. 

II.  System  Design 

The  heart  of  the  system  is  a  Tektronix  RTD720  transient 
digitizer  linked  via  GP1B  to  the  Fermilab  control  system. 
Capable  of  digitizing  at  a  peak  rate  of  2  GS/sec,  with  a  500 
MHz  analog  bandwidth,  and  with  a  segmented  memory  capable 
of  more  than  512ksamples  of  storage,  this  device  can  be 
repeatedly  triggered,  filling  a  successive  portion  of  memory 
each  time.  After  acquisition  is  complete,  the  data  stored  in  the 
digitizer  memory  is  downloaded  to  the  control  system  for 
processing.  In  the  implementation  aimed  at  diagnosing  Main 
Ring  coalescing,  two  of  the  channels  of  the  digitizers  are 
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utilized,  each  working  at  a  1  GS/sec  sampling  rate.  While  one 
channel  is  monitoring  the  beam  signal,  the  other  is  digitizing 
the  RF  cavity  fanback  waveform.  With  a  RF  period  of 
approximately  19  nsec  and  bunches  which  fill  the  RF  buckets, 
enough  resolution  is  attainable  for  tuning  and  diagnosis.  With 
the  memory  segmented  into  S12  sample  sections,  512  turns  of 
data  may  be  sampled,  where  the  triggering  is  accomplished  via 
a  timing  signal  synchronized  with  the  beam  sent  through  a 
programmable  +N  counter. 

The  data  is  analyzed  using  a  VAXstation  computer,  which 
is  the  standard  console  in  the  Fermilab  control  system.  The 
first  step  of  the  reconstruction  is  to  propagate  each  ray  through 
the  grid  at  its  correct  position  and  angle,  adding  the  value  of 
that  digitizer  bin  to  all  of  the  grid  squares  that  it  traverses  [3]. 
This  summation  method  is  a  surprisingly  good  way  to  start 
the  process,  though  for  a  small  number  of  measured  angles  the 
contrast  of  the  image  suffers  significantly.  Given  a  finite 
number  of  colors  or  gray  gradations,  a  background  subtraction 
where  pixels  with  values  at  or  below  zero  are  not  plotted  (or 
are  black)  can  improve  the  contrast  a  bit. 

A  standard  method  for  improving  the  fidelity  of  the  phase 
space  image  relies  on  the  convergence  of  an  iterated  algorithm. 
The  resistive  wall  monitor  data  represents  various  projections 
through  the  actual  longitudinal  phase  space  density 
distribution.  After  applying  the  above  summation  method  to 
an  initially  zeroed  grid,  perform  a  mock  measurement  through 
this  distribution  at  the  same  positions  and  angles  as  the 
original  measurements.  For  each  ray,  subtract  the  actual 
projection  measurement  from  the  grid  projection  measurement, 
and  then  distribute  the  difference  across  all  of  the  intercepted 
grid  points  equally  so  that  another  projection  measurement 
would  agree  with  the  original  measurement.  An  optional  step 
after  each  iteration  which  improves  convergence  is  to  find  all 
pixels  less  than  zero  and  setting  them  to  zero.  Repeat  the 
entire  process  until  the  image  does  not  change  substantially 
any  more. 

in.  Sample  Measurements 

As  an  example  of  the  power  of  this  phase  space 
tomography,  a  phase  space  rotation  during  coalescing  of  high 
intensity  protons  is  presented.  Figure  1  shows  the  beam 
current  data  from  the  resistive  wall  monitor  acquired  every  80 
revolutions  of  the  Main  Ring.  The  rotation  RF  voltage, 
which  has  a  wavelength  of  21  accelerating  RF  buckets,  clearly 
changes  the  alignment  of  the  bunches  in  phase  space  from  the 
time  axis  to  the  energy  axis,  at  which  point  the  accelerating 
voltage  is  turned  back  on  to  recapture  this  new  distribution  in 
a  single  bucket.  Calling  the  starting  alignment  0°  and 
assuming  that  recapture  occurs  at  90°,  the  data  in  figure  1  is 
used  to  reconstruct  the  phase  space  picture  at  recapture  time. 
This  phase  space  image  is  shown  in  figure  2.  By  writing  a 
simulation  program  which  creates  mountain  range  images 
similar  to  figure  1,  various  tuning  errors  and  intensity  effects 
can  be  recognized  and  corrected.  See  figure  3. 


Figure  2:  Phase  space  distribution  of  the  beam  reconstructed 
form  the  above  Main  Ring  data  and  imaged  at  recapture  time. 


Figure  3:  Phase  space  distribution  of  a  low  intensity  beam 
which  was  coalesced  after  considerable  tuning. 
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Abstract 

Electrostatic  sweep  plate  devices  have  been  used 
previously  for  the  measurement  of  ion  beam  emittance.  [1] 
These  devices  may  be  routinely  designed  with  an  ultimate 
angle  resolution  of  ±0.25  mrad  or  less.  We  have  used  a 
similar  device  for  measuring  the  emittance  of  H"  and  IT1' 
beams  exiting  an  RFQ  at  1  MeV.  This  scanner  will  be  used 
to  characterize  the  beam  exiting  a  low-power  DTL  at 
energies  up  to  2  MeV.  The  physics  design  changes  consist 
primarily  of  increasing  the  length  of  the  deflection  plates  and 
decreasing  their  separation  to  obtain  high  electric  field  at  low 
deflection  plate  voltage.  The  front  face  of  the  scanner  was 
made  thicker  and  designed  for  water  cooling  to  withstand  the 
beam  power  at  up  to  2  MeV.  In  this  paper  the  design  of  the 
scanner  is  discussed.  This  includes  the  device  angular 
resolution  and  maximum  acceptable  angle.  The  thermal 
analysis  that  led  to  the  design  of  the  water-cooled  front  face 
is  shown.  Data  showing  the  performance  of  the  device  and 
resulting  emittance  measurements  at  1  MeV  are  presented. 

I.  INTRODUCTION 

For  many  accelerator  applications,  the  most  important 
parameter  is  the  ion  beam's  transverse  emittance.  The  device 
of  choice  for  the  highest  precision  emittance  measurement  is 


an  electrostatic  sweep  plate  scanner!  1],  We  have  been  using 
such  a  device  for  H*  and  H-*-  beam  emittance  measurements 
at  energies  between  10  keV  and  35  keV[2]  on  our  ion  source 
test  stand  and  accelerator  beamline. 

We  have  installed  an  RFQ  on  our  beamline  and  plan  to 
install  a  matching  section  and  DTL  at  the  end  of  the  RFQ. 
To  characterize  the  beam  at  the  output  of  the  RFQ  (1  MeV) 
and  at  the  output  of  the  DTL  (1.76  MeV),  the  sweep  plate 
scanner  was  redesigned.  The  design  goal  was  to  obtain  a 
maximum  sweep  plate  voltage  of  2.5  kV  while  keeping  the 
length  of  the  deflection  plates  to  a  reasonable  length.  In 
addition  the  front  face  of  the  scanner  was  designed  to 
withstand  the  30-  to  60-fold  increase  in  beam  power  at  the 
higher  beam  energies. 

In  the  original  design[2],  the  scanner  was  mounted  on  a 
ring  that  rotated  through  90°.  This  permitted  the 
measurement  of  emittance  in  both  the  horizontal  and  vertical 
beam  directions  using  a  single  device.  This  ring  assembly 
was  made  more  rugged  for  the  larger  and  heavier  scanner. 
Figure  1  shows  the  side  and  front  views  of  the  new  scanner 
mounted  in  the  more  rugged  ring  assembly.  In  this  figure, 
the  scanner  is  positioned  for  use  in  the  horizontal  direction. 
The  scanner  is  guided  on  a  lead  screw  that  is  driven  by  a 
pulley  attached  to  a  stepper  motor. 


Figure  1.  Front  and  side  views  of  the  ring  assembly  for  the  high-energy  emittance  scanner. 


*  This  work  was  supported  by  Grumman  IR&D  project  7256-2709. 
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n.  PHYSICS  DESIGN 

Since  the  energy  of  the  beam  downstream  of  the  RFQ  is 
two  orders  of  magnitude  higher  than  in  the  LEBT,  the 
scanner  deflection  plates  were  made  longer  and  their 
separation  was  made  shorter.  Fortunately,  the  beam 
divergence  at  the  RFQ  output  is  expected  to  be  less  than  45 
mrad,  compared  with  up  to  130  mrad  at  the  source  output. 


Figure  2  shows  a  three-view  schematic  diagram  of  the  new 
scanner  and  Table  1  shows  the  critical  dimensions  of  both 
the  low-  and  high-energy  scanners.  The  resulting 
relationship  of  deflection  plate  voltage  vs.  beam  angle  for  the 
redesigned  scanner  is  shown  in  Figure  3.  Note  that  the 
maximum  voltage  that  need  be  applied  to  the  high-energy 
scanner  is  2300  volts,  compared  with  123  volts  for  the  low- 
energy  scanner.  The  angle  resolution  for  both  scanners  is 
shown.  This  was  obtained  by  calculating  the  angular  range 
of  ions  that  would  pass  through  the  top  and  bottom  extremes 


Table  1 

Comparison  of  Parameters  for  the  Low-  and  High- 
Energy  Emittance  Scanners 


Low 

Energy 

Scanner 

High 

Energy 

Scanner 

Defl.  Plate  Separation  (cm) 

0.132 

0.5 

Defl.  Plate  Length  (cm) 

3.8 

20 

Field-Free  Regions  (cm) 

0.16 

0.5 

Slit  Opening  (cm) 

0.0025 

0.0076 

Nominal  H'  Energy  (keV) 

30 

1013 

Max.  Analyzable  Angle  (mrad) 

±59 

±45 

Max.  Defl.  Plate  Voltage  (V) 

±123 

±2300 

Angle  Resolution  (mrad) 

±0.62 

±0.38 

of  the  entrance  and  exit  slits  at  constant  deflection  plate 
potential.  This  becomes  ±0.62  and  ±0.38  mrad  for  the  low- 
and  high-energy  scanners  respectively. 

m.  THERMAL  DESIGN 

A  thermal/structural  evaluation  was  performed  to 
support  the  design  of  the  high-energy  scanner.  The  purpose 
of  the  study  was  to  determine  the 


maximum 

temperature 

of 

the 

protective 

front 

face 

and 

to 

determine 

the 

extent 

of 

the 

deformations  of  the  knife  blade 
assemblies  during  beam  impact 
using  various  amounts  of  water 
cooling.  The  beam  parameters  used 
were  30  mA  at  1%  duty  factor,  10 
pulses  per  second  (1ms  pulse 
length).  The  analysis  was  performed 
using  the  finite  element  code, 
ANSYS.  The  resulting  temperature 
distributions  of  the  front  face  and 
knife  blade  are  shown  in  Figure  4 
assuming  a  water  flow  of  1.5  -  2.0 
GPM.  With  these  temperature 
distributions,  the  thermal  stress  due 
to  temperature  cycling  of  the 
molybdenum  should  not  produce 
fatigue  cracking. 

Another  thermal  consideration 
was  the  vertical  deflection  of  the  knife  blades  due  to  beam 
heating.  The  analysis  showed  that,  in  the  worst  case,  each 
knife  blade  should  deflect  (toward  closing  the  slit  opening) 
by  0.55  mils;  therefore,  a  slit  opening  of  3  mils  was  chosen  to 
permit  a  minimum  slit  opening  of  1.9  mils. 


Beam  Angle  (mrad) 

Figure  3.  Voltage  on  each  deflection  plate 
(opposite  polarity)  as  a  function  of  beam  angle. 
The  angular  resolution  is  the  range  of  angles 
transported  through  the  entrance  and  exit  slits  at 
constant  deflection  plate  voltage. 


Figure  2.  Top,  side,  and  front  views  of  the  high-energy  emittance  scanner. 
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Figure  4.  Thermal  contours  on  the  protective  front  face 
(top)  and  slit  knife  edge  (bottom)  for  a  30  mA,  1%  duty 
factor  beam 


IV.  DEVICE  PERFORMANCE 
Figure  5  shows  a  typical  digitized  signal  obtained  at  a 
single  position  for  the  high-energy  scanner  at  the  nominal 
values  shown  in  Table  1.  Also  shown  is  the  relative  voltage 
of  each  deflection  plate  during  the  beam  pulse.  A  computer 
program  is  used  to  translate  the  amplitude  of  the  signal  at 
each  value  of  deflection  plate  voltage  into  the  relative  current 
at  each  beam  angle  in  the  beam  let.  After  obtaining  digitized 
signals  at  a  series  of  positions  in  the  beam  pulse,  a  contour 
plot  of  the  relative  beam  intensity  at  each  position  and  angle 
is  obtained.  This  plot  is  shown  in  figure  6.  This  phase  space 
plot  corresponds  to  a  normalized  rms  emittances  of  0.007  n 
cm  mrad  for  the  high-energy  beam. 


Figure  3.  Typical  digitized  beam  single-pulse  signals. 
The  crossing  lines  show  the  relative  potential  on  each 
deflection  plate. 


Position  (inches) 


Figure  6.  Typical  phase-space  contour  plot  obtained  for 
the  1-MeV  beam  exiting  the  RFQ. 
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Abstract 

A  non-intercepting  RF  bunch  length  monitor  for  oz  =  0.5 
to  2.0  mm  long  electron  and  positron  bunches  in  the  Stanford 
Linear  Collider  (SLC)  has  been  built  with  a  design  similar  to 
a  previous  device  for  longer  bunches1.  For  this  device,  fields 
from  the  beam  pass  through  a  ceramic  gap,  enter  receiving 
cavities,  are  then  measured  with  power  detectors,  and  finally 
are  recorded  by  the  SLC  control  computer.  The  designs  of  the 
receiving  cavities  (25  and  36  GHz)  are  described  as  well  as  the 
choice  of  the  RF  power  distribution  and  measuring  systems. 
Beam  measurements  have  been  taken  as  a  function  of  bunch 
compressor  RF  voltage,  bunch  intensity,  and  beam  position. 
Long  term  bunch  length  measurements  were  recorded  during 
SLC  colliding  beam  operation  indicating  that  the  bunch 
length  is  constant  to  about  3%.  Thus,  1  mm  length  monitors 
operating  at  25  and  36  GHz  have  successfully  monitored  long 
term  bunch  length  changes  at  the  few  percent  level  in  the 
SLC. 

Theory 

We  consider  a  highly  relativistic  electron  (positron)  bunch 
with  a  gaussian  rms  length  nominally  1  mm  traveling  linearly 
along  a  vacuum  chamber.  The  electric  field  lines  of  each 
charge  in  the  bunch  extend  radially  from  the  particle  with  a 
longitudinal  angle  of  1/y  where  y=EI me2.  A  integral  over 
the  longitudinal  charge  distribution  gives  the  power  spectrum 
of  the  bunch.  For  example,  the  power  spectra  for  three 
representative  bunch  lengths  and  two  shapes  are  shown  in  Fig 
1.  Using  these  plots  frequencies  of  20-40  GHz  seem  optimal. 

Conversely,  if  the  power  spectrum  is  measured  for  a 
bunch  then  its  length  (distribution)  can  be  deduced.  In  our 
system  the  bunch  is  made  to  pass  by  a  ceramic  gap  in  the 
vacuum  chamber.  The  fields  from  the  bunch  radiate  from  the 
gap  and  enter  a  cavity  through  a  small  radial  bole.  The  power 
in  the  cavity  is  then  radiated  out  the  entrance  bole  but  also 
through  a  hole  leading  to  a  high  frequency  power  meter  after  a 
length  of  rectangular  waveguide.  A  schematic  view  of  this 
arrangement  is  shown  in  Fig.  2.  The  frequencies  of  the  cavity 
were  chosen  to  optimally  measure  changes  in  the  bunch 
length.  For  our  case  two  cavities  were  made  at  frequencies  of 
25  and  36  GHz,  allowing  comparisons  to  be  made. 

In  our  situation  the  TM020  mode  is  used  in  the  cavity 
and  only  one  component  is  excited,  namely  H^.  To  obtain 


Figure  1  Theoretical  beam  power  spectra  for  three  different 
bunch  lengths  and  two  distributions. 
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Figure  2  Layout  of  the  bunch  length  monitor  system. 


the  maximum  power2  one  must  consider  the  distance  from 
the  beam  to  cavity,  the  radius  and  depth  of  the  coupling  boles, 
the  Q  of  the  cavity,  the  ratio  of  the  diameters  of  the  input  to 
output  coupling  holes  (nearly  equal  is  best),  and  the 
attenuation  of  the  waveguide  from  the  cavity  to  the  power 
detector.  The  expected  peak  power  P  can  be  calculated2 


*  Work  supported  by  the  Department  of  Energy  contract  DE-AC03-76SF00515. 

#  Visitor  from  the  Budker  Institute  of  Nuclear  Physics,  Novosibirsk,  Russia. 
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Ppeak  =  dq2  exp(-(Oo2<Jt2)  exp(-ay)  (1) 

where  a>o  is  the  cavity  frequency,  ot  is  the  bunch  length  in 
time,  q  is  the  bunch  charge,  a  is  the  attenuation  coefficient  of 
the  waveguide  from  the  cavity  to  the  detector  at  a  distance  y. 
The  cavity  design  constants  are  included  in  d.  The  general 
parameters  of  the  two  cavities  are  listed  in  Table  1. 


Table  1  Monitor  Cavity  Parameters  for  3  x  1010  e\ 


Parameter 

36  GHz 

25  GHz 

Cavity: 

Radius  (cm) 

0.73 

1.05 

Height  (cm) 

0.67 

0.97 

Distance  to  beam(cm) 

3.8 

5.0 

Input  hole  diameter  (cm) 

0.3 

0.45 

Output  hole  diameter  (cm) 

0.35 

0.4 

Input  O  Factor 

490 

750 

Output  O  Factor 

700 

1700 

Pulse  duration  (ns) 

1.2 

3.2 

Waveguide: 

Wide  wall  'a'  (cm) 

0.71 

1.07 

Narrow  wall  h'  (cm) 

0.36 

0.43 

y  length  (m) 

13. 

13. 

Attenuation  constant 

0.42 

0.43 

Detector  peak  power  (mW) 

12.7 

3.3 

SLC  Hardware  Configuration 

Two  cavities  were  built  using  the  specifications  in  Table 
1  and  were  brazed  to  short  waveguide  stubs.  The  finished  units 
are  shown  in  Fig.  3.  Since  the  cavities  are  not  used  in  vacuum 
the  cover  "side"  plates  are  held  in  place  by  clamps.  Both 
cavities  were  installed  in  the  SLC  in  Sector  25  at  the  2500  m 
location  in  the  accelerator.  At  that  location  a  ceramic  gap  had 
been  installed  with  a  3  cm  ID  and  3.8  cm  OD.  The  gap  is 
about  1  cm  long  and  is  brazed  to  stainless  steel  tubes  (2.5  cm 
diameter)  on  both  ends.  The  cavities  were  installed  one  on 
each  side  of  the  gap.  The  distances  from  the  beam  to  the 
cavities  are  listed  Table  1.  Here  each  bunch  has  an  energy  of 
about  42  GeV,  has  a  transverse  size  of  about  100  mm,  and  a 
repetition  rate  of  120  Hz. 

The  signals  are  transported  out  of  the  radiation  enclosure 
through  rectangular  waveguides  to  respective  Hewlett-Packard 
power  detector  diodes  HP  8474E.  A  typical  output  signal  is 
shown  in  Fig.  4.  The  signal  levels  are  a  few  milli-watts, 
matching  nicely  the  upper  level  capability  of  the  detectors. 
The  processed  signals  are  then  amplified,  integrated  by  a  gated 
ADC,  and  recorded  in  the  SLC  VAX  control  computer. 


Figure  3  Photograph  of  the  bunch  length  monitor  cavities. 
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Figure  4  Measured  signal  from  the  36  GHz  monitor  with 
oz  =  1.8  mm  and  3  x  1010  electrons.  (Scale  =  100  pW  /  div.) 

Observations 

The  first  test  of  the  system  was  to  measure  signal 
sensitivities  to  transverse  position  changes  of  the  beam  as 
indicated  by  nearby  position  monitors.  Only  a  very  weak 
dependence  was  observed.  The  signals  changed  less  than  2% 
when  the  beam  moved  by  1  mm.  The  beam  positions  are 
typically  stable  to  100  pm  during  long  term  operation. 

The  bunch  length  in  the  SLC  is  determined  by  the  peak 
RF  voltage  of  the  compressor  accelerator.  The  bunch  length 
oz  in  the  linac  is  given  by3 

Oz2  =  adr  2  [1  -  2  n  R56  f  Ec  /  (Edr  X)]2 

+  R562  (oE/ E)2  (2) 

where  Edr  =1.19  GeV,  <Tdr  =6-10  mm,  Ec  =  0  -  40  MV 
(typically  29  MV),  R56  =  603.  mm,  <Je/E  =  1  *  10'3,  f  is  a 
calibration  constant  for  the  compressor  RF  voltage 
measurement,  and  X  =  105  mm.  For  the  data  below,  f  =  0.94. 
The  minimum  bunch  length  (about  0.5  mm)  is  obtained  with 
Ec  =  36  MV. 
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The  length  monitor  signal  was  recorded  as  a  function  of 
compressor  voltage  (and  bunch  length).  The  resulting  data  are 
plotted  in  Fig.  S  for  3.3  x  1010  e\  The  solid  line  is  the  shape 
determined  from  Eqns.  1  and  2.  The  expectation  matches  the 
data.  The  nominal  compressor  voltage  is  28.6  MV 
corresponding  to  a  length  of  about  1.8  mm  for  3  x  1010  e'. 
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Figure  3  Signal  (36  GHz)  versus  damping  ring  compressor 
voltage.  The  bunch  length  changes  from  1.2  mm  at  28.6  MV 
to  0.S  mm  at  36  MV  at  low  beam  charge. 

The  length  signal  was  measured  as  a  function  of  bunch 
intensity  as  is  shown  in  Fig.  6.  From  Eqn.  1  we  expect  a 
quadratic  increase  in  signal  with  intensity,  which  is  seen  at 
low  intensities.  However,  at  high  intensities  the  damping  ring 
exhibits  bunch  lengthening4  which  reduces  the  signal  rise. 
Thus,  the  solid  line  in  Fig.  6  is  a  calculation  of  the  expected 
signal  versus  intensity  including  the  lengthening  effects  in  the 
damping  ring.  The  data  and  the  calculation  are  in  good 
agreement 


Figure  6  Signal  (36  GHz)  versus  bunch  charge.  The  solid 
line  represents  the  power  expected  including  bunch 
lengthening  in  the  damping  ring  with  current 


During  colliding  beam  conditions  the  bunch  length  must 
be  held  constant.  Any  change  in  this  length  will  affect  the 


energy  gain  in  the  accelerator  from  beam  loading  changes  and, 
thus,  change  the  emittance  growth  along  the  accelerator.  The 
VAX  control  computer  has  been  setup  to  record  the  bunch 
length  signals  as  a  function  of  time.  One  eight  day  history 
plot  is  shown  in  Fig.  7.  Here  we  see  that  the  bunch  length  is 
quite  stable  in  time  showing  only  small  changes  of  order  3%, 
mostly  diurnal.  Some  of  the  diurnal  changes  are  due  to 
temperature  effects  in  the  amplifiers  (under  investigation)  and 
some  of  the  step  changes  may  be  due  to  compressor  voltage 
changes. 
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Figure  7  Long  term  signals  for  an  SLC  electron  beam  with 
3  x  1010  particles  and  compressor  amplitude  of  28.5  MV.  The 
center  data  are  the  fractional  bunch  length  changes  with  time. 
Note  only  a  few  percent  change  over  days.  The  lower  plot 
shows  the  changes  of  temperature  (1/T)  with  time  on  an 
arbitrary  scale.  Some  temperature  effects  are  seen  in  the  length 
signal.  The  upper  plot  is  the  fractional  change  in  the  beam 
charge  (xl.2  for  clarity)  versus  time.  The  changes  of  bunch 
charge  with  time  have  been  removed  from  the  length  data. 
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Abstract 


H.  DESCRIPTION 


The  Superconducting  Super  Collider  Laboratory  and  the 
Institute  for  Nuclear  Research  are  collaboratively  developing  a 
Bunch  Shape  Monitor  [1]  diagnostics  for  commission  the 
SSCL  linac.  The  Bunch  Shape  Monitor  is  designed  to 
measure  the  intensity  of  beam  as  a  function  of  time  over  the 
micro-bunch  of  the  beam.  Design  resolution  for  the  SSCL 
monitors  is  approximately  7  psec.  The  first  monitor  will 
operate  at  the  fundamental  frequency  of  428  MHz  and  will  be 
used  to  measure  the  output  beam  of  the  RFQ  Linac.  First 
available  results  will  be  presented  and  compared  with 
predictions.  Further  development  will  allow  the  monitors  to 
fit  in  a  standard  SSCL  beam  box  and  one  will  operate  at  the 
third  harmonic  of  428  MHz.  Proposals  to  use  the  Bunch 
Shape  Monitor  to  measure  the  longitudinal  phase  space 
distribution  of  the  beam  will  be  discussed. 

I.  INTRODUCTION 


Bunch  Shape  Monitors  have  been  built  and  successfully 
used  at  the  Moscow  Meson  Factory,  [6],  [7],  [8],  and  at  the 
FNAL  linac  [9],  [10].  The  basic  concept  and  development 
history  leading  to  the  SSCL  version  of  the  Bunch  Shape 
Monitor  was  reviewed  at  the  1992  Workshop  on  Beam 
Instrumentation  in  Berkeley  [11]. 

Figure  1  illustrates  the  concept  of  the  Bunch  Shape 
Monitor.  The  428-MHz  micro-bunches  of  the  H'  beam  hit  the 
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The  SSCL  linac  [2]  consists  of  three  major  rf 
accelerators,  a  Radio  Frequency  Quadrupole  that  accelerates  an 
H*  beam  to  2.5  MeV,  a  Drift  Tube  Linac  to  70  MeV,  and  a 
Coupled  Cavity  Linac  to  600  MeV.  The  H"  beam  is  then 
stripped  and  injected  into  the  Low  Energy  Booster,  the  first  of 
four  synchrotrons  that  accelerate  the  protons  to  20  TeV  [3]. 

To  commission,  tune,  and  monitor  the  SSCL  linac,  a 
set  of  diagnostics  is  being  developed  to  measure  the  transverse 
and  longitudinal  characteristics  of  the  beam  [4].  The  transverse 
set  of  diagnostics  consists  of  the  standard  set  of  position 
monitors,  wire  scanners,  and  slit  and  collector  emittance 
measurement  units.  The  longitudinal  diagnostics  are  the  beam 
position  monitors,  energy  absorber  and  collectors  for  low 
energy  phase  scans,  and  the  Bunch  Shape  Monitor. 

The  phase  information  from  the  beam  position 
monitors  gives  longitudinal  phase  centroid  information  about 
the  beam.  The  bunch  shape  is  used  to  measure  the 
longitudinal  width  of  the  beam  in  the  phase  or  time 
dimension.  The  bunch  shape  monitor  measurements  separated 
by  some  known  transformation  can  be  used  much  like  three 
wire  scanner  measurements  to  reconstruct  the  longitudinal 
RMS  emittance  of  the  beam  [5],  The  first  measurements  of 
the  beam's  longitudinal  characteristics  have  been  made  on  the 
output  beam  from  the  2.5  MeV  RFQ. 


*  Operated  by  the  URA  for  the  USDOE,  under  contract 
No.  DE-AC35-89ER40486. 
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Figure  1.  Functional  diagram  of  Bunch  Shape  Monitor.  Beam 
colliding  with  the  target  produces  secondary  emission 
electrons.  The  electrons  have  the  same  temporal  structure  as 
the  beam.  The  rf  deflector  “time  stamps”  the  secondary 
emission  electrons  which  reach  the  electron  collector. 


target  The  target  is  similar  to  a  standard  wire  scanner  with  the 
wire  at  10  kV.  The  H*  beam  hitting  the  target  produces  a 
proportional  amount  of  secondary  emission  electrons.  These 
electrons  are  created  with  averge  energy  of  approximately 
4  eV  and  are  quickly  accelerated  radially  by  the  target 
potential.  A  well  defined  beam  of  electrons  is  created  by  the 
input  collimator.  The  electron  bunches  have  the  same 
longitudinal  structure  as  the  H*  beam.  The  beam  passes  into 
the  rf  structure.  The  rf  deflector  plates  have  a  DC  electrostatic 
field  component  which  is  used  to  focus  the  electron  beam  on 
the  Output  Collimator  slit.  The  rf  field  sweeps  the  electron 
bunch  across  the  Output  Collimator  slit.  Only  the  thin  slice 
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of  beam  with  the  correct  phase  passes  through  the  slit  to  the 
Electron  Collector.  The  charge  in  this  slice  is  proportional  to 
the  analogous  slice  of  H*  beam  with  the  same  relative  phase. 
The  Electron  Collector  is  either  a  Faraday  cup  or  an  electron 
multiplier.  The  measured  electron  charge  as  a  function  of  rf 
phase  gives  the  bunch  shape  of  the  H~  beam.  The  resolution  is 
calculated  [12]  to  be  approximately  7  picoseconds. 

The  new,  compact  design  utilizes  a  quarter  wave  length 
parrellel  wire  line  deflector  combined  with  electrostatic 
focusing  and  steering  electrodes.  The  Bunch  Shape  Monitor 
has  been  designed  to  fit  in  the  nominal  standard  beam  box  for 
the  SSCL  linac.  Bunch  Shape  Monitors  are  being  developed 
for  the  RFQ-to-DTL  matching  section,  DTL-to-CCL 
matching  section,  and  the  600-MeV  Transport  Line,  as  well  as 
the  Test  model  which  will  be  used  throughout  the  linac  during 
commissioning. 

m.  THEORETICAL  RESULTS 

The  first  measurements  of  the  bunch  shape  are  on  the 
output  of  the  428-MHz  RFQ.  The  RFQ  accelerates  the  H" 
beam  to  2.5  MeV.  The  H"  beam  out  of  the  RFQ  has  a 
nominal  phase  spread  of  15  degrees  and  a  longitudinal 
emittance  of  0.13  it  MeV-degree  (RMS).  The  drift  from  the 
end  of  the  RFQ  to  the  Bunch  Shape  Monitor  target  is  148 
mm. 

Theoretical  results  were  obtained  from  simulations 
using  PARMTEQ  and  PARMILA.  Measured  transverse 
emittances  were  used  as  the  input  beam.  Longitudinal  profiles 
were  calculated  at  the  bunch  shape  monitor.  Earlier  analysis 
had  shown  that  image  charges  on  the  vanes  did  not  contribute 
significantly  for  the  SSCL  RFQ.  Therefore,  the  version  of 
PARMTEQ  we  used  had  only  space  charge  and  multipole 
effects.  Five  thousand  particles  are  used  and  the  results  are 
grouped  in  3  degree  wide  bins.  The  calculated  bunch  shape  at 
the  nominal  vane  voltage  setting  is  shown  in  figure  2.  The 
bunch  shape  was  determined  for  all  the  particles  in  transverse 
phase  space  while  the  measured  data  is  for  a  limited  set  as 
sampled  by  the  target  wire. 

Bunch  shapes  were  calculated  for  vane  voltages  from 
80%  to  120%  of  design  vane  voltages  in  steps  of  5%.  The 
RMS  width  of  the  bunch  shape  and  the  change  in  phase  center 
are  calculated  for  each  scan.  The  results  are  shown  in  figures  3 
and  4  along  with  the  measured  data.  To  determine  the  design 
vane  voltage,  the  transmission  as  a  function  of  vane  voltage 
was  also  calculated.  The  phase  of  the  plot  is  relative  to  the 
synchronous  particle. 

IV.  MEASUREMENT 

The  beam  bunch  shape  was  measured  for  vane  voltages 
from  80%  to  1 12%  of  the  nominal  vane  voltages  in  steps  of 
2.5%  and  5  %.  The  nominal  vane  voltage  was  determined  by 
measuring  the  knee  of  the  transmission  curve  and  by  x-ray 
spectrum  from  electron  traversing  the  RFQ  gap.  Figure  2 


Theoretical  and  Experimental 
Bunch  Shape  at  100%  RF  Amplitude 


Figure  2.  Theoretical  bunch  shape  predicted  by  PARMTEQ 
simulation  and  experimental  data  as  measured  by  the  bunch 
shape  monitor  for  nominal  vane  voltage.  The  intensity  is 
normalized  for  a  unit  area. 

shows  the  results  of  the  measurement  at  the  nominal  vane 
voltage.  The  data  is  taken  at  a  1  MHz  sample  rate  during  the 
beam  pulse.  The  experimental  data  shown  is  an  average  over 
10  sets  of  data  during  the  middle  of  the  beam  pulse.  The  data 
is  normalized  for  an  area  of  one  and  shifted  for  an  average 
phase  of  zero.  Figures  3  and  4  show  the  measured  rms  width 
and  centroid  for  various  RFQ  vane  voltages.  The  phase  is 
relative  to  the  RF  drive  line  and  is  shifted  from  the  cavity 
phase  by  an  unknown  constant.  Therefore,  to  compare  the 
measured  and  theoretical  data,  the  phase  of  the  experimental 
data  is  shifted  such  that  the  average  is  the  same  as  the  average 
of  the  theory. 

V.  COMPARISON 

The  RMS  width  and  centroid  compare  well  with  the 
theory.  Reproducibility  at  the  100%  rf  amplitude  settings 
showed  variations  in  the  phase  width  and  centroid  of  less  than 
a  few  degrees.  Error  estimates  have  not  been  done  for  the 
simulations.  The  resolution  of  the  measurement  is  expected  to 
be  approximately  1  degree.  The  sensitivity  of  the  results  to 
input  phase  space  conditions  for  both  the  simulation  and 
measurement  have  not  been  explored. 

The  actual  bunch  length  measurement  samples  a  thin 
line  in  transverse  space.  To  get  a  meaningful  number  of 
particles  in  the  results,  the  simulation  uses  all  the  particles 
across  transverse  space.  Measurements  must  be  performed 
across  the  beam  width  to  determine  the  bunch  shape  transverse 
dependence. 
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VI.  CONCLUSION 

First  results  of  measurements  using  the  SSCL/INR 
Bunch  Shape  Monitor  are  shown.  The  results  are  compared  to 
theory.  More  work  is  required  to  quantify  the  accuracy  and 
errors  associated  with  the  measurement.  The  Bunch  Shape 
Monitor  is  also  capable  of  measuring  the  micro-bunch  shape 
as  a  function  of  time  along  the  macro-bunch.  These  studies 
will  be  carried  out  at  a  later  date.  Additional  bunch  shape 
monitor  systems  are  being  developed  for  commissioning  of 


Theoretical  and  Experimental  Phase 
Width  Data  for  Beam  Out  Of  RFQ 
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Figure  3.  Measured  and  calculated  RMS  widths  shown  as  a 
function  of  vane  voltage.  Widths  are  in  degrees  of  428  MHz. 


Theoretical  and  Experimental  Phase 


Figure  4.  Measured  and  calculated  micro-bunch  centroids 
shown  as  a  function  of  vane  voltage.  Widths  are  in  degrees  of 
428  MHz.  The  centroid  scale  offsets  are  arbitrary.  The  zero  for 
the  theoretical  data  is  defined  by  the  centroid  for  the  nominal 
(100%)  vane  voltage.  The  experimental  data  is  shifted  such 
that  the  average  is  the  same  as  the  theoretical  data. 


the  SSCL  linac.  They  will  be  installed  and  tested  in  the 
matching  sections  into  the  DTL  and  CCL  and  at  the  end  of  the 
linac. 
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A  Field-Based  Technique  for  the  Longitudinal  Profiling  of  Ultrarelativistic  Electron 
or  Positron  Bunches  Down  to  Lengths  of  s  10  Microns* 


R.  Tatchyn 

Stanford  Linear  Accelerator  Center,  Stanford,  CA  9430S,  USA 

Abstract  I[mA]  ■  average  current  associated  with  a  particle  beam 

q  ■  magnitude  of  the  CGS  unit  of  charge 


Present  and  future  generations  of  particle  accelerating  and 
storage  machines  are  expected  to  develop  ever-decreasing 
electron/positron  bunch  lengths,  down  to  100  ju  and  beyond. 
In  this  paper  a  method  for  measuring  the  longitudinal  profiles 
of  ultrashort  (1000 p  -10  ft)  bunches,  based  on:  1)  the 
extreme  field  compaction  attained  by  ultrarelativistic  particles, 
and  2)  the  reduction  of  the  group  velocity  of  a  visible  light 
pulse  in  a  suitably-chosen  dielectric  medium,  is  outlined. 

I.  INTRODUCTION 

A  number  of  widely  known  techniques  for  measuring  the 
longitudinal  density  profiles  of  single-pass  or  recirculating 
particle  bunches  are  employed  on  present-day  particle 
accelerators  and  storage  rings.  Two  basic  approaches  to  this 
problem  can  be  noted.  The  first  involves  passing  the  beam 
through  axially  distributed  inductive  or  capacitive  pick-up 
sensors  [1,2,3].  In  temporal-length  regimes  where  the 
bandpass  characteristics  of  the  detectors  and  signal-processing 
electronics  are  sufficiently  wide,  Fourier  analysis  of  the 
detector's  spectral  response  can  be  used  to  resolve  features  of 
the  bunch  profile.  The  second  involves:  1)  passing  the 
spontaneous  radiation  emitted  by  the  particles  in  a  bunch  onto 
a  streak  camera  [4]  or  fast  photodiode  [5,6],  and  2)  unfolding 
the  longitudinal  distribution  from  the  streak  camera  or 
oscilloscope  sweeps.  Although  techniques  based  on  these 
approaches  have  generally  kept  pace  with  the  measurement 
tasks  dictated  by  evolving  bunch  parameters,  the  emerging 
introduction  of  advanced  storage  rings  and  linacs  with 
emittances  and  longitudinal  beam  sizes  [7,8,9]  of  1-2  orders  of 
magnitude  smaller  than  those  realized  today  can  be  expected 
to  eventually  start  exceeding  the  capabilities  of  conventional 
methods  of  characterization. 

In  this  paper  a  method  with  the  capability  of  accurately 
characterizing  the  longitudinal  profiles  of  charged-particle 
bunches  down  to  lengths  of  10  p  and  beyond  is  outlined 
[10,11].  It  is  based  on  essentially  three  conventional  precepts: 
1)  the  availability  of  high  power  visible/UV  laser  pulses  with 
temporal  lengths  of  lOfs  or  less;  2)  the  high  compaction  of  an 
ultrarelativistic  particle's  transverse  electric  and  magnetic 
fields;  and  3)  the  modulation  of  a  dielectric  material's  index 
of  refraction  by  the  combined  fields  of  the  laser  and  electron 
bunch  fields.  The  following  definitions  will  be  employed: 

E[GeV]  ■  average  energy  of  a  charged-particle  beam 

*  Supported  by  DOE  Offices  of  Basic  Energy  Sciences  and  High 
Energy  and  Nuclear  Physics  and  Department  of  Energy  Contract  DE- 
AC03-76SF0015. 


c[cm/s]  ■  speed  of  light 

me[g]c^  ■  electron  (positron)  rest  energy  in  ergs 

mpiglc2  ■  proton  (antiproton)  rest  energy  in  ergs 

Pc  i - ^  ■  speed  of  a  relativistic  particle 

Y  -  -yl  -  /?  ■  relativistic  contraction  factor 

p  (z)[#/cm]  ■  number  density  of  a  particle  bunch  vs.  z 

Nc  ■  total  number  of  particles  in  a  bunch 

g(z)=p(z)/Nc  ■  (normalized)  Gaussian  particle  density 
ox,Oy,  a  z  m  standard  deviations  of  random  distributions 
of  particle  positions  vs.  x,  y,  and  z  directions 
Nb  ■  total  number  of  bunches  in  a  storage  ring 

II.  FIELD  BASIS  OF  PROFILING  METHOD 

Consider  a  charged  particle  bunch  with  Nc  particles 
traveling,  on  the  average,  along  a  locally  rectilinear  trajectory. 
Referring  to  Fig.  1,  we  take  the  axis  of  this  trajectory 


Figure  1.  Parameters  of  particle  bunch  in  vacuum. 

to  be  coincident  with  the  symmetry  axis  (z-axis)  of  a 
cylindrical  (rectangular)  duct  of  radius  (half-width)  H.  For 
normally  distributed  particle  positions,  we  associate  the  main 
bunch  dimensions  with  the  quantities  2ox,20y,  and2az.  For 
our  present  analysis  we  will  take  <Jx,Oy  «  H.  This 
restriction,  valid  whenever  the  maximum  transverse  radius  of 
the  bunch  is  much  smaller  than  the  duct  diameter,  allows  the 
representation  of  the  bunch  by  a  filamentary  distribution  of 
charge.  Of  central  importance  is  the  instantaneous  peak 
transverse  field  generated  at  the  location  (x*H,z)  by  an 
electron  j  located  at  point  (sj,s’j,z),  where  s'j  is  its 
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displacement  vs.  y.  Under  the  assumed  restriction,  the 
transverse  field  magnitude  at  H  can  be  expressed  as 


Corresponding  to  the  relativistic  enhancement  of  the 
transverse  field  strength  is  a  corresponding  attenuation  of  the 
forward  component  by  the  amount  y  ~  .  Assuming  ,  then, 
that  most  of  the  electron's  field  is  concentrated  within  the 
angle  y  ~  ,  it  follows  that  the  limiting  resolution  of  its 
instantaneous  z-position  at  x«H  is  given  by 

A ze-Hlyj.  (2) 

An  important  quantity  is  the  number  of  particles  in  the 
vicinity  of  electron  j  that  also  contribute  significantly  to  the 
field  at  (x*H,z).  Assuming  a  minimal  energy  spread,  we  can 
drop  the  index  and  define  the  designated  group  of  electrons  by 
projecting  the  resolution  segment  Hly  from  the  point 
(x*H,z)  back  toward  the  z  axis.  This  yields 

N1/Y(z)-Hp(z)/Y  -Azep(z).  (3) 

For  y  sufficiently  small,  the  magnitude  of  the  total  field  at 
(x*H,z)  is  given  approximately  by 


1 E(x  -  H,z%KV/cm]  -  JVJ/y  | E\e  -  (4) 

For  the  case  of  a  Gaussian  p(z) ,  designated  by  Nc(g(z)),  the 
instantaneous  transverse  field  profile  can  be  re-expressed  in 
terms  of  the  total  number  of  particles  in  the  bunch  by 

0.3  Nc<,g(z) 

- -  (5> 

A  graph  displaying  practical  parameter  ranges  and 
attainable  field  strengths  from  charged-particle  bunches  in 
linacs  or  storage  rings  is  shown  in  Fig.  2.  First,  we  note  the 
high  energy  regime  required  for  proton  (antiproton)  beams  for 
the  method  to  be  considered  useful.  Second,  in  order  to  obtain 
significant  field  strengths,  there  must  be  a  sufficient  quantity 
of  particles  within  one  electronic  resolution  length  {Hly) 
along  the  beam.  This  quantity,  which  should  ideally  be  present 
in  the  sparsest  region  of  the  bunch  to  be  measured,  can  be 
used  to  establish  the  minimum  current  levels  at  which  the 
profiling  technique  can  be  applied.  In  applying  the  graph, 
different  storage  rings  (or  linear  machines)  are  identified  not 
by  their  species  of  particle  or  energy  (which  is  assumed  to 
exceed  a  well-defined  minimal  value),  but  by  their  average 
aments  and  interbunch  intervals.  For  example,  talcing  the 
average  current  in  the  LCLS  [9]  to  be  approximately  0.15  fxA, 
with  an  interbunch  inteval  of  lO^ns  and  a  150  n  full  bunch 


|f(x  -  H,z%KV  /  cm] 


Transverse  Field  Magnitudes  Attainable  with 
High  Energy*  Charged  Beam  Currents 

10®  pi  i  iiin|  i  i  mq  i  i  mm  i  i  imn'~i  i  mm"  i  i  nwf~ 1 1  mm  t 
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Figure  2.  Field  magnitudes  obtainable  from  charged- 
particle  bunches. 


2430 


length,  extrapolation  of  the  curves  in  the  graph  indicates  that 
field  strengths  in  excess  of  l(PkV/cm  could  be  attained  at 
distances  of  the  order  of  1cm  from  the  bunch  axis. 

HI.  HELD  SCANNING  AND  DETECTION 

As  schematized  in  Fig.  3,  the  essential  component  of  the 
profiling  method^  the  interaction  of  a  probe  photon  pulse  of 
full  length  (2»)  a  ,  with  the  particle  bunch  field  as  they 
both  traverse  a  suitable  dielectric  medium  If  we  assume  the 
group  velocity,  vg,  of  the  photon  pulse  to  be  different  from 
/3  c,  the  particle  bunch  velocity,  and  a.  «  0g(m  az),  it  is 
evident  that  the  photon  pulse  will  "sdan"  the  electron  field 
profile  in  a  time  equal  to  the  temporal  length  of  the  bunch 
dilated  by  the  factor  1/1/3  -  (v^/c)).  A  necessary  condition 
to  be  fulfilled  is  that  the  dispersion  inside  the  dielectric  be 
small  enough  for  the  photon  pulse  to  retain  its  shape  (viz., 
length)  without  excessive  loss  of  intensity  during  the  scan. 
The  physical  basis  for  detection  lies  in  the  non-linear 
modulation  of  the  dielectric  material  by  the  combined 
fields  of  the  photon  and  particle  bunches.  Light  from  a  tertiary 
source,  e.g.,  a  laser,  is  then  instantaneously  perturbed  by  the 
modulated  index  of  refraction,  and  the  perturbation  is 
recorded.  In  principle,  variations  of  intensity,  scattering 
direction,  polarization,  or  dielectric-boundary  effects  could  be 
effected  [12].  To  minimize  convolution  blurring,  an  apparent 
constraint  is  that  the  thickness  of  the  dielectric  (e.g.,  the 
diameter  of  an  optical  fiber)  should  ideally  be  of  the  same 
order  of  size  as  the  required  resolution  length.  Thus,  both  the 
(instantaneous)  length  and  thickness  of  the  interaction  region 
could  each  need  to  be  made  as  small  as  several  microns.  In 
this  limit,  it  is  evident  that  the  modulated  fraction  of  photons 
from  the  tertiary  source  within  one  resolution  interval  could 
become  extremely  small,  making  the  choice  of  radiation 
parameters  for  modulation  and  detection  critical  to  the 
applicability  of  the  method.  We  note  that  although  the 
absolute  number  of  modulated  photons  could  be  increased  by 
enlarging  the  dielectric  in  the  azimuthal  direction,  their  net 
fraction  will  remain  the  same,  necessitating  a  similar  scaling 
of  the  output  power  of  the  tertiary  photon  source.  Denoting  the 
full,  dispersion-dependent  dielectric  constant  by  n'  (i.e., 
n'*c/vg),  selected  dimensional  and  physical  parameters  that 
would  be  required  to  configure  a  profiling  system  for  a  typical 
storage  ring  energy  are  calculated  in  Table  1. 


TABLE  1. 

Bunch  profiling  system  parameters  for  S.ll  GeV 


n' 

OB 

M 

Oph 

M 

[fs] 

Scan  Time 
[ns] 

Diel.  Length 
[m] 

1.001 

3000 

0.6 

2 

25 

7.5 

1.001 

300 

0.6 

2 

2.5 

0.75 

1.001 

30 

0.6 

2 

0.25 

0.075 

1.01 

3000 

0.6 

2 

2.5 

0.75 

1.01 

300 

0.6 

2 

0.25 

0.075 

1.01 

30 

0.6 

2 

0.025 

0.0075 

For  the  assumed  indices  of  refraction,  it  is  apparent  that 
feasible  dielectric  lengths  exist  for  which  the  tabulated  laser 
pulse  and  particle  bunch  lengths  are  consistent.  Further 
analytical  studies  are  in  progress  to  identify  suitable  dielectric 
materials  and  configurations  with  regard  to  n'  and  the 
magnitude  and  time  scales  of  non-linear  field  effects. 
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Abstract 

A  new  method  using  a  streak  camera  to  observe  the  syn¬ 
chrotron  radiation  of  LEP  was  developed  for  the  bunch  measure¬ 
ment.  This  allowed  monitoring  of  the  particle  density  distribu¬ 
tion  in  three  dimensions  in  space  at  successive  bunch  passages. 
The  optical  set-up  allows  to  see  the  top  view  and  side  view  of 
the  bunch  simultaneously.  The  software  analyzes  the  density 
distribution  in  these  two  perpendicular  planes  and  extracts  on¬ 
line  the  <r  and  the  center  of  gravity  for  the  bunch  length  and  also 
for  transverse  dimensions.  We  will  give  the  experimental  results 
of  the  resolution  limits  due  to  the  streak  camera  in  this  appli¬ 
cation.  The  resulting  influence  of  the  transvase  photon  bunch 
dimension  on  the  measured  bunch  length  will  be  presented  and 
compared  with  the  calculation. 

I.  INTRODUCTION 

Small  wiggler  magnets  produce  synchrotron  radiation  to  mon¬ 
itor  the  shape  of  both  LEP  beams  [2].  The  density  distribution  in 
space  of  the  emitted  photon  bunches  is  proportional  to  the  den¬ 
sity  of  the  particles  in  the  e+  and  e~  bunches.  Two  beryllium 
mirrors  collect  the  light  in  the  vacuum  tube.  Two  achromatic 
lenses  create  the  image  of  the  source  onto  the  double  sweep 
streak  camera  (S.C.)  in  an  underground  optical  laboratory  [3, 4}. 
The  optical  set  up  allows  observation  of  the  side  view  and  the  top 
view  of  both  bunches  simultaneously.  Up  to  50  single  succes¬ 
sive  bunch  passages  can  be  recorded  on  one  image.  The  system 
visualizes  instabilities  in  all  three  dimensions  [5]  and  extracts 
the  bunch  length.  Alternatively  the  front  view  of  the  bunches 
can  be  displayed. 

The  precise  knowledge  of  the  bunch  length  is  essential  to 
obtain  the  best  performance  of  LEP. 

II.  OPTICAL  SETUP 


Figure  1 :  Optical  setup  to  provide  side  and  top  view  at  the  same 
time 


The  setup  is  shown  schematically  in  Figure  1.  The  syn¬ 
chrotron  radiation  of  the  e+  and  e~  bunches  arrives  slightly 
separated  in  time  (~  500 ps).  An  automatic  attenuation  system 
of  motorized  continuously  varying  neutral  density  filters  and  a 
photomultiplier  keeps  the  intensity  of  the  light  constant.  A  semi¬ 
transparent  mirror  divides  the  light  and  a  dove  prism  rotates  one 
bunch  by  90°  about  the  longitudinal  axis  with  respect  to  the 
other.  So  the  streak  camera  displays  both  top  and  side  view 
which  are  the  density  projection  of  the  beam  in  the  horizontal 
and  vertical  plane,  respectively  [5].  The  side-  and  top-view  of 
both  beams  can  be  shown  simultaneously  in  one  streak  of  the 
camera.  So  a  single  sweep  gives  the  following  display  on  the 
computer  screen  (Fig  2): 


Electrons  Positrons 

Top-View  Side-View  Top-View  Side-View 


Figure  2:  Views  obtained  in  one  single  streak 


Figure  3  shows  an  example  of  six  successive  bunch  passages. 
The  displayed  profile  shows  the  projection  of  the  streak  selected 
in  the  window. 


The  software  is  tracking  the  bunches  in  real  time  at  a  frequency 
of  12.5  Hz  and  extracts  the  photon  bunch  length  and  transverse 
dimensions  to  a  precision  of  better  than  2%.  Head-Tail  -Effects 
in  the  horizontal  or  vertical  plane  appear  very  clearly  on  the 
image. 
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m.  RESOLUTION  LIMITS  OF  THE  ENTIRE 

SYSTEM 

The  limit  of  resolution  for  the  streak  camera  and  the  digitizing 
system  is  shown  in  Ihble  1. 


X,Y  traaivene 

<  15/zm 

S  (length) 

<  0.8mm 

jitter  fa*  (weep 

<  2ps 

=  center  of  gravity 

<  0.6mm 

sensitivity^ 

1  photon/count/pixel 

Table  1:  Resolution  limits  at  the  input  photocathode  plane 

The  spatial  resolution  limit  of  IS  pm  in  direction  of  the  fast 
sweep  and  perpendicular  to  the  direction  has  been  obtained  by 
measuring  the  smallest  spot  size  possible. 

A  picosecond  laser  pulse  measured  with  the  S.C.  has  shown 
a  F.W.H.M.  of  6ps  which  corresponds  to  <r=0.8mm  [3].  That 
means  that  the  resolution  of  the  S.C.  itself  is  better  than  this. 

The  software  calculates  the  center  of  gravity  of  the  bunches  in 
real  time.  We  measure  the  trigger  jitter,  with  a  laser  diode  pulse 
of  <r=12ps,  by  taking  the  standard  deviation  of  the  center  of 
gravity  on  the  screen.  Thus,  the  measured  value  of  2  ps  includes 
the  jitter  of  the  laser  diode.  So  this  corresponds  to  the  precision 
on  the  center  of  gravity  of  the  bunches  in  the  RF-phase. 

The  sensitivity  is  high  enough  to  analyze  profiles  of  some 
thousands  photons  per  pulse. 

IV.  INFLUENCE  OF  SPOT  SIZE 

The  streak  camera  in  this  application  is  used  —  in  contrary 
to  most  other  —  without  a  slit  in  front  of  the  photocathode  to 
visualize  the  bunch  size  and  instabilities  in  all  dimensions.  So 
there  is  a  finite  spot  size  in  the  direction  of  the  fast  sweep  which 
broadens  the  measured  bunch  length.  For  a  Gaussian  distribu¬ 
tion,  with  a  dimension  ax  of  the  light  spot  on  the  phosphor 
screen  of  the  streak  camera,  the  broadening  of  the  measured 
bunch  length  am,a,  is  expected  to  be 

=  yja\+a\.  (1) 

am,a,  is  the  length  measured  on  the  phosphor  and  ax  the  finite 
spot  size  there. 

Hence  the  correction  to  achieve  from  the  measured  amtat  the 
real  ai  is 

"v  =  vAm...  -  *1-  (2) 

To  verify  this  effect,  the  light  pulse  of  a  laser  diode  is  projected 
by  a  lens  onto  the  S.C. .  The  light  is  strongly  attenuated  in  order 
to  have  no  intensity  effects  as  described  later.  The  position  of  the 
lens  is  varied  to  achieve  different  spot  sizes  on  the  photocathode. 
The  gain  on  the  micro-cbannel-plate  of  the  S.C.  is  adjusted  to 
have  a  good  signal/noise  ratio.  Hie  spot  size  is  measured  in 
focus  mode  of  the  S.C.  .  Then  the  fast  sweep  is  set  to  the 
maximum  streak  speed  and  the  length  of  the  pulse  is  measured. 
Fig.  4  shows  the  obtained  result. 


spot  size  ox  in  direction  of  fast  sweep  [pixel) 


Figure  4:  Influence  of  spot  size  on  measured  length 


It  proves  that  the  correction  according  to  (2)  is  valid  for  a 
wide  range  of  spot  sizes  ax.  Even  when  the  spot  dimension 
on  the  phosphor  becomes  comparable  to  the  dimension  of  the 
bunch  length  profile  the  correction  still  yields  the  correct  result. 

It  is  preferable  to  choose  a  spot  size  not  to  small  to  maintain 
a  good  resolution  of  the  transverse  measurement. 

V.  INFLUENCE  OF  INTENSITY 

It  is  known  that  the  measured  pulse  length  increases  with 
higher  intensity  of  the  incident  light  pulse,  especially  for  short 
pulses  [6],  But  this  effect  was  only  measured  for  constant  slit 
which  induces  that  there  is  always  a  proportionality  between 
total  intensity  and  intensity  per  unit  area. 

In  our  application  it  is  necessary  to  know  the  influence  of 
both.  The  precision  we  like  to  achieve  is  5%.  So  we  define 
the  dynamic  range  to  be  the  range  where  the  deviation  for  the 
measured  bunch  length  after  spot  size  correction  (2)  is  less  than 
5%  (common  for  S.C.:  20%). 

A.  Influence  of  light  intensity 

The  bunch  length  at  a  fix  spot  size  is  measured  with  different 
optical  attenuators  in  front  of  the  streak  camera  to  vary  the  total 
intensity. 

As  in  Ref.  [6]  we  expect  an  increase  of  the  measured  bunch 
length  due  to  space  charge  effects  inside  the  camera  tube.  The 
result  is  plotted  in  Fig.  5.  The  lowest  intensity  is  10_1‘  J/pulse. 

The  measured  length  stays  constant  in  a  dynamic  range  of 
30.  According  to  common  definition  the  dynamic  range  is  100. 
With  longer  pulses  as  coming  from  LEP  (a  ~  30  ps)  the  dynamic 
range  should  be  even  better  than  this  [6], 

Anyway,  we  can  select  the  appropriate  attenuation  of  the 
incoming  light  and  it  is  kept  constant  with  the  automatic  attenu¬ 
ation  system.  So  the  dynamic  range  in  this  application  does  not 
impose  any  limits. 
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B.  Influence  of  photon  flux 

The  measurement  described  in  section  IV.  is  repeated  for  a 
higher  total  intensity.  The  total  intensity  of  the  pulse  is  kept 
constant  while  the  spot  size  on  the  photocathode  is  varied  by 
moving  the  lens.  Thus,  the  average  photon  flux  is  inversely 
proportional  to  the  square  of  the  spot  size.  The  measured  bunch 
length  is  corrected  for  spot  size  according  to  (2).  Fig.  6  shows 
the  results  obtained  at  a  total  energy  of  3.5  •  10-14 1  per  pulse. 


VI.  OUTLOOK  FOR  REAL  APPLICATION 

Since  two  perpendicular  views  of  one  bunch  can  be  displayed 
at  the  same  time,  length  and  both  transverse  spot  dimensions 
(X,  Y)  are  known. 

The  spot  size  perpendicular  to  the  direction  of  the  fast  sweep 
measured  with  the  fast  sweep  ’ON’  corresponds  with  the  spot 
size  in  focus  mode  better  than  1.5%. 

So  the  bunch  length  measured  on  the  top  view  can  be  corrected 
in  real  time  for  spot  size  with  the  transverse  dimension  of  the 
side  view  and  vice  versa. 

The  transverse  emittance  of  the  beam  could  be  deduced  after 
calibrating  the  transverse  dimensions  <rx  and  <r,  precisely  with 
the  beam. 

vn.  CONCLUSION 

We  measure  the  density  projection  of  single  bundles  in  three 
views: 

•  front  view  (focus  mode)  =>  X,  Y 

or 

•  side  view  ^  Y,  S 

•  top  view  =>  X,  S. 

Thus  the  three  dimensions  and  the  center  of  gravity  of  the 
photon-bunches  can  be  extracted  in  real  time. 

The  presented  way  of  correcting  the  measured  bunch  length 
for  the  spot  size  allows  to  determine  in  real  time  the  bunch 
length  very  precisely  without  loosing  the  possibility  to  observe 
all  kinds  of  instabilities  in  the  bunches  of  LEP. 
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Figure  6:  Influence  of  photon  flux  on  measured  length 

The  corrected  bunch  length  varies  less  than  5%  in  a  dynamic 
range  of  13  for  the  photon  flux.  For  higher  fluxes  the  measured 
length  increases. 

As  in  the  case  of  the  total  light  intensity,  we  can  choose  an 
appropriate  level  of  light  not  to  be  affected  by  this  effect. 
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Abstract 

The  synchrotron  light  of  the  SLC  damping  ring  was  used  to 
measure  the  bunch  length  with  a  streak  camera  at  different 
times  in  the  damping  cycle.  There  are  bunch  length  oscil¬ 
lations  after  injection,  different  equilibrium  length  during 
the  cycle  due  to  rf  manipulations  to  avoid  microwave  in¬ 
stability  oscillations,  and  just  before  extraction  there  is 
a  longitudinal  phase  space  rotation  (bunch  muncher)  to 
shorten  the  bunch  length.  Measurements  under  these  dif¬ 
ferent  conditions  are  presented  and  compared  with  BPM 
pulse  height  signals.  Calibration  and  adjustment  issues 
and  the  connection  of  the  streak  camera  to  the  SLC  con¬ 
trol  system  are  also  discussed. 


1  Introduction 

Different  techniques  exist  to  measure  the  bunch  length 
of  <rM  =  2  to  25  mm.  A  bunch  length  measurement  in 
the  damping  ring  (DR)  using  the  synchrotron  light  and  a 
streak  camera  has  the  advantage  that  it  is  a  non-invasive 
measurement  and  can  be  used  at  different  times  in  the 
damping  cycle.  In  contrast,  a  bunch  length  measurement 
with  a  screen  in  the  dispersive  region  of  the  ring-to-linac 
(RTL)  compression  region  is  invasive  (a  wire  might  be  suit¬ 
able),  measures  only  the  extracted  bunch  length,  and  is 
limited  by  the  non-linear  RF  slope  for  longer  bunch  length. 
We  will  discuss  here  the  first  technique.  After  describing 
the  set  up  and  calibration,  we  will  present  measurements 
during  the  store  time  and  discuss  their  implications  for 
longitudinal  phase  space. 

2  Streak  Camera  Set  Up 

The  synchrotron  light  for  the  DRs  is  guided  with  five  mir¬ 
rors  and  two  achromatic  lenses  over  15  m  to  an  optical 
table,  where  it  is  split  for  turn  by  turn  size  measurements 
with  a  gated  camera  [1]  and  for  length  measurements  with 
a  streak  camera.  The  streak  camera  is  manufactured  by 
Hadland  Photonics  [2]  with  a  IMACON  500  streak  tube. 

2.1  Resolution 

The  advertised  resolution  is  2  ps.  The  measured  resolution 
is  6  ps  (FWHM)  [3]  determine!  using  a  femto-second  laser 
pulse.  This  corresponds  to  a  ^-resolution  of  0.8  mm  and  is 

‘Work  supported  by  the  Department  of  Energy  contract  DE- 
AC03-76SF00515. 


sufficient  for  most  of  the  measured  bunch  lengths  between 
2  and  25  mm  (<?*).  The  thickness  of  the  cumulated  lenses 
and  windows  of  about  50  mm  must  also  be  taken  into  ac¬ 
count.  With  no  frequency  filter  a  delta  pulse  with  a  wide 
spectrum  of  400  to  800  nm  produces  about  a  7  ps  FWHM 
long  signal.  Achromats  compensate  this  effect  only  slightly 
(actually  they  over  compensate),  since  they  are  in  general 
not  compensated  to  be  isochronous. 

2.2  Connection  to  SLC  Control  System 

Since  the  normal  one-dimensional  analyser  of  the  streak 
camera  could  be  used  only  locally,  the  output  of  the  streak 
camera  was  imaged  to  a  gated  camera  (spare)  which  has  a 
high  gain  so  that  even  single  photons  are  detected.  With 
this  set  up  we  could  see  correlations  between  y  and  z  at 
injection  (or  x  and  z)  and  use  digitization  techniques  for 
a  normal  camera,  which  is  supported  by  the  SLC  control 
system.  These  include  calibration  of  the  scales,  projections 
in  z  (and  y)  and  fitting  with  a  gaussian  (or  other)  distri¬ 
bution  to  the  data,  statistical  averaging,  correlation  plots 
with  other  parameters  (e.g.  store  time),  etc. 

2.3  Calibration 

The  inclusion  of  the  gated  camera  made  a  calibration  nec¬ 
essary.  For  slow  sweep  speeds  the  shift  of  the  centroid  in 
mm  could  be  compared  with  the  change  in  time  (0.1ns 
steps)  of  the  variable  delay  unit  (VDU).  A  correct  calibra¬ 
tion  will  give  a  slope  of  A  =  300  mm/ns  the  velocity  of 
light. 


Figure  1 :  Calibration  technique. 

For  the  faster  sweep  speeds  the  tight  was  splitiei,  delayed 
(105  mm)  and  combined.  The  double  pulse  ( bottom )  shows 
exactly  this  separation  after  the  right  calibration. 
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For  faster  sweep  speeds  this  technique  is  not  appropri¬ 
ate,  since  the  timing  jitter  of  20  ps  dominates  the  measure¬ 
ment.  Therefore  the  light  was  split  and  combined  after 
105  ±  5  mm.  The  separation  of  this  double  pulse  (Fig.  1). 
was  measured  with  the  streak  camera  and  the  calibration 
adjusted  accordingly  (15  %  off  from  expected  scaled  value) . 

Tab.  1  summarizes  the  measured  values. 


Streak  Camera  Calibration  j 

Streak 

Digitizer 

Comparison 

Resolution 

speed 

bin/mm(m) 

ps/ch  (old) 

in  mm 

11.4 

2  ns/mm 

37.9 

33.5 

n| 

1  ns/mm 

67.7 

18.1 

59 

■Ab 

i  VKj 

Biff  cMnSm 

1.73 

50  ps/mm 

20  ps/mm 

Table  1:  Calibration  summary. 

For  each  streak  speed  setting  the  video  digitizer  was  cali¬ 
brated.  The  inverse  of  the  old  calibration  (in  ps/channel) 
should  correspond  to  the  new  one  (exception:  SOps/mm). 
The  resolution  is  mainly  limited  by  the  slit  opening  and 
spatial  camera  resolution  for  the  slow  speeds  and  the  streak 
tube  itself  (timing  of  electrons )  for  the  fast  speeds. 


3  Bunch  Length  Measurements 

Different  times  during  the  store  cycle  were  studied  corre¬ 
sponding  to  the  different  type  of  investigation.  The  first 
turn,  injection  oscillation,  longer  bunch  length  during  the 
low  rf  voltage  ("DR-ramp”)  and  the  pre-compression  at 
the  end  of  store  time  ("bunch  muncher”)  were  all  studied. 
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Figure  2:  Bunch  distribution  after  the  first  turn. 

The  bunch  length  is  determined  not  only  by  the  injected 
length  but  also  by  the  length  energy  correlation,  which  was 
in  this  case  pretty  high  causing  a  long  bunch  with  a  big 
asymmetry. 


3.1  First  Turn 

After  nearly  one  turn  the  first  measurement  can  be  done. 
Sizes  of  2-4 mm  (<r,)  were  observed,  correlations  with  y 
seen  and  asymmetries  recognized  (Fig.  2).  Even  pre-  or 
postbunches,  one  S-band  bucket  away  from  the  main  bunch 
(A  =  105  mm)  of  up  to  5  %  were  observed.  This  informa¬ 
tion  was  used  to  optimize  injection  parameters. 

3.2  Injection  Oscillations 

Since  the  bunch  length  and  the  energy  spread  of  the  in¬ 
jected  bunch  is  not  matched  to  the  longitudinal  acceptance 
of  the  DR  (this  could  be  done  with  a  "bunch  muncher”, 
see  below),  the  beam  performs  bunch  length  oscillations 
with  an  amplitude  of  ±13  mm  around  the  equilibrium  of 
15  mm  (<t,).  (Fig.  3).  These  decohere  after  about  0.3  ms  or 
2500  turns  which  seems  long,  but  one  has  to  consider  that  a 
partly  filamented  beam  with  for  instance  three  peaks  in  the 
projected  distribution  (observed)  will  be  fitted  with  only 
one  Gaussian  with  a  too  small  <r, .  The  initial  big  value  is 
mainly  the  resolution  of  the  2nd  fastest  sweep  speed  of  the 
streak  camera  used  for  these  mainly  big  sizes. 


Figure  3:  Injection  oscillations  of  the  bunch  length. 

The  digitized  bunch  length  (XWIDTH)  in  mm  is  plotted 
versus  the  time  in  200  turn  steps  (23529. 4  ns)  directly  af¬ 
ter  injection.  The  measured  size  includes  the  resolution 
(6.5  mm)  which  must  be  subtracted  in  quadrature. 


3.3  DR  RF  Voltage  Variation 

After  the  injected  beam  is  captured  at  high  rf  voltage 
(Vrj  =  800  kV)  the  voltage  is  reduced  to  about  400  kV 
to  achieve  a  longer  bunch  length  which  is  insensitive  to 
microwave  instability  oscillations  [4].  The  bunch  length 
(resolution  subtracted)  changes  from  11.0  to  17.0  and  back 
to  10.5mm  (Fig.  4).  It  should  be  mentioned  that  the  lon¬ 
gitudinal  phase  space  is  not  totally  damped  down  at  the 
extraction  time  and  that  the  bunch  length  is  much  longer 
than  the  design  value  of  5  mm.  The  higher  energy  spread 
which  turns  into  bunch  length  in  the  linac  (with  no  bunch 
muncher)  induced  a  bunch  length  variation  which  could 
not  be  detected  directly. 
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Figure  4:  Bunch  length  during  the  DR  RF  ramp.  Figure  5:  Pre-compression  of  the  bunch  length. 


After  about  2.5 ms  (zero  here)  after  injection  ike  rf  volt¬ 
age  in  the  damping  ring  is  reduced  by  a  factor  of  roughly 
two  (top).  Then  about  5  ms  later  or  0.6  ms  before  extrac¬ 
tion  (bottom)  the  rf  voltage  is  set  to  its  nominal  value  and 
the  bunch  length  starts  to  decrease  but  not  totally  to  its 
equilibrium. 


The  measured  (digitized)  bunch  length  in  mm  is  plot¬ 
ted  against  the  last  15 fis  before  extraction.  The  pre- 
compression  was  set  to  20%  =(10.5-8-4)/10.5  (top).  The 
inverse  of  the  peak  signal  of  a  BPM  ("sum- signal”)  shows 
a  similar  response  (middle)  while  the  phase  (bottom )  is 
mainly  compensated. 


3.4  Pre-Compression  (Bunch  Muncher) 

To  reduce  the  extracted  bunch  length  at  the  end  of  the 
store  time,  two  2.5  jis  long  dips  in  the  rf-amplitude  are  ap¬ 
plied.  This  excites  a  bunch  rotation  in  longitudinal  phase 
space  [5]-  A  pre- compressed  bunch  length  for  injection  into 
the  RTL  is  achieved  (Fig.  5). 

4  Conclusion 

After  calibration  the  bunch  length  measurements  with  the 
streak  camera  give  absolute  values.  Beyond  the  easier  to 
use  BPM  peak  signal,  which  could  be  also  calibrated  e.g. 
with  the  streak  camera,  the  streak  camera  gives  additional 
information  about  the  asymmetry,  the  y-z  (x-z)  correla¬ 
tions  and  pre-  or  post-bunches. 
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Abstract: 

A  brief  EEE  view  of  signal  QED  is  presented.  The  re¬ 
search  has  been  concentrated  on  the  virtual  photon  modes  of  ul¬ 
tra  relativistic  shock  wave  in  a  bunch— beampipe  system,  and 
real  photon  modes  of  Coherent  RF  Beamstrahlung  CRFB.  Phys¬ 
ically.  the  virtual  photons  emitted  by  a  bunch  were  treated  as 
a  travelling  pseudo  wave  packet  in  a  flight  coaxial  cavity  con¬ 
structed  by  bunch  — Wakefield  core  and  beampipe.  Mathemati¬ 
cally,  it  is  a  boundary  solution  of  shock  wave  excited  by  ultra 
relativistic  impulse  of  bunds.  The  new  modes  of  solution: 
VTA,  VTEM,  VTM,  VLE  are  virtual  photon  packets  and 
RTE,  RTM.  RTEM  are  real  photon  modes  of  CRFB.  By  these 
results  we  measured  and  corrected  BEPC  bunch  length  from  sig¬ 
nals  of  :  (1)  TOF  reference  of  BES.  (2)  BPM  of  BEPC.  (3) 
Colliding  CRFB  of  BEPC  — BES  coupling  signal,  as  well  as 
(4)  the  ordinary  method  of  Synchrotron  Radiation.  All  results 
of  the  measured  bunch  lengthes  are  in  accordance  with  the  de¬ 
sign  length  of  BEPC.  and  were  verified  by  the  BES  data  of  ver¬ 
tex  reconstruction  of  hadron  events.  We  also  found  that  CRFB 
is  the  unknown  ptm  source  of  BES  electronics.  VLE  virtual 
photons  can  accelerate  particles. 

I.  Specialities  of  Bunch  Signal  and  Dynamics 

The  known  physics  of  accelerator,  microwave,  laser. 
Synchrotron  radiation  and  Beamstrahlung,  QED[1  —  4]  can 
not  explain  bunch  signal  perfectly.  The  main  variations  are  A. 
Boundary  QED,  B.  Source  Guiding  Wave,  C.  Guiding  Rela¬ 
tivistic  Shockwave.  D.  Virtual  and  Real  Photon  signal.  E. 
Special  Gauge  Choise.  The  equations  and  quantization  are: 


—  ^ 

j,-A  +  A 

a.  i.  i) 

□  •  A,  ■ 

«  0.  V 

•  A  -  0.  A,  =»  0,  A,  -  0 

(l.  1.  2) 

1 

o 

R 

s' 

• 

□ 

”  (vp.icp),  p—<p |p> 

(1.  1.  3) 

+  u  • 

V  +a 

•  Vj p(R'.U<  +  v.tf)  «  0 

a.  i.  4) 

l*>- 

|p  >  exp[ - jpsP],  A,  -»•  A,  +  3,0 

a.  i.5> 

1.  1)  is  invariant. 

t,  ~  —  eA, 

a.  i.6) 

II.  Pseudo  Waves  of  Virtual  Photon 


A.  Virtual  Photos  Cloud  *a  Busch  Beampipe  System 

A  virtual  photon  of  electron  in  bunch  can  travel  at  most  a 
distance 

A*  -  cAT  -  2wc/A«  -  2nhc/&B  (2.1.1) 

It  carries  the  information  of  bunch  shape,  and  can  be  ab¬ 
sorbed  by  an  electron  in  detector.  The  wave  equations  of  a  mo¬ 
tional  virtual  photon  package  surrounding  a  bunch  can  be  ob¬ 
tained  by  V  •  A— 0  gauge  of  (1.  1.  1) . 
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V\V(R,t)  —  —  p(R'.V)  (2.\.2) 

□2A* (R,  t)  =-  *>(J  +  et3,V*r)  —  thJ,  (2. 1.  31 
(2. 1.  2)  is  a  Coulomb  field  in  the  bunch  coordinate.  (2. 
1.3)  is  a  transvers  real  photon  wave  resulted  from  the  trans¬ 
verse  impulse  of  the  bunch  J, . 

B.  Pseudo  Transverse  Electric  Wave  Packet  —  Busch  Field 

In  laboratory  the  Coulomb  field  is  travelling  with  the 
bunch  by  velosity  v  like  a  travelling  wave  package.  V,  (2. 1. 
1) 

VlE?(R.  t)  =-  MocV»cpfR'  +  vt.  tf)  (2.  2. 1) 

Transform  from  bunch  coordinate  to  laboratory  coordi¬ 
nate  by 

cSt  *cp(R'  +  vt.  tf)  —  [cV  +  p3.']cp(R',tf)  (2.  2.  2) 
VI  -+  [V2  —  =  CDv]t  **  (v*sc) 

(2.  3.  3) 

The  right  sides  imply  an  image  of  the  bunch  at  the  arigen 
to  be  the  source  of  pseudo  transverse  wave. 

(R.t)  =-  *[V  +  pd^cp* (R'.tf)  (2.  2.  4) 

C.  Pseudo  Magnetic  Wave  Packet -  Wake  Field 

The  impedance  virtual  photon  package  following  the 
bunch  can  be  obtained  by  the  Hamilton  gauge  A„=0  of  (1.  1. 
1). 

□*Ar  (R,  V)  =—  PcJv(R'.  V)  (2.  3.  1) 

□*BV (R.  V )  =-ftV  X  Jv(R'.t/)  (2.  3.  2) 

D.  Spin  Potential  Wave  Equations  of  Bunch  —  Spin  Field 

The  Third  kind  virtual  photon  is  the  Spin  —  Potential 
wave  of  polarized  bunch  in  Axis  gauge  A,  — 0  of  (1.  1.  1) . 
□*AS  (R,  t)  =  -  poJ*  (R1 .  tf  )  (2.  4.  1) 

In  cylindrical  symmetry.  As  (R.  t)  is  in  the  direction  of 
vm. 

III.  Virtual,  Real  Modes  in  Different  Region 

A.  Sparating  Virtual  and  Real  Photons 

By  (2.  2.  4) .  (2.  3.  2) .  (2.  4.  1) ;  (1.  1.  1)  is  decomposed 


into[5— 8] 

□2EVfi,  t)  =-  (R> ,  V)  s  fv  (3.  1.  1) 

□2cBr  (R.  t)  =  -  mcV  X  vff(R>.  t>)  (3.  1.  2) 

□2A*  (R.  t)  =  -  p*JB  (R'.tf)  ( 3.  1 .  3) 

□2E*f«.  t)  =-  ^<^,cp(R'.  tf)  (3.  1.  4) 

□2cB* (R.  t)  =-  m«cV  X  vp(R'.tf)  (3.  1.5) 


B.  Ahead  Bunch  Vacuum  and  Restard  Wave  Vacuum 

The  relativity  makes  field  vanish  ahead  the  bunch.  The 
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causality  makes  the  float  of  bunchstrahlung  retard  the  bunch 
top  head  at  a  distance  z  apart  from 

z  ™  HtgO  —■  Hcowp/2  (3.  2. 1) 

u  is  beampipe  axis.  are  the  angles  of  fa,  ("*,  R).  H  is 
distance  of  detector  from  a. 

C-  Bunch  Field  Region  of  (hading  Relativistic  Shock 

f  -  /,««  +  /,««  (3.  3.  1) 

In  the  region  of  flight  bunch,  f,^>fiifH<£  2a,;  the 
TEM.  TE  modes  are  superiority.  /,  f„  if  H  2o„-  the 
TEM,  TE  modes  are  equal  to  TM,  LE  modes.  Thus,  H  <JC  2a,  is 
much  better  far  getting  single  mode  signal  for  bunch  size  mea¬ 
surement. 

D.  Wake  Field  Region  of  Impedance  Effect 

In  the  region  behind  the  bunch,  where  ^  >  n/2  ,  and  ft 
>  f, ,  thus,  VLE  and  VTM  modes  become  the  superiority.  It 
leads  to  a  region  of  wake  fields  with  \no%  in  length  when  H  < 
2a, .  VLE  mode  fields  can  accelerate  or  decelerate  the  tail  of 
the  bunch.  Practically  wake  fields  have  both  LE  mid  LM 
modes.  Hence,  they  make  the  tail  of  the  bunch  rotate,  and 
conduct  the  wall  currents  which  carry  the  bunch  size  informa¬ 
tion  precisely. 

E.  Transformation  Region  of  Reaction 

The  wake  field  is  actually  charged  by  the  6  impulse  of 
bunch  and  input  to  the  bunch  — beampipe  cavity  which  is  fly¬ 
ing  with  bunch  called  Fight  Coaxial  Cavity  FCC.  Hence,  trans¬ 
formation  region  is  the  discharging  region. 

F.  Radiation  Propagation  Region  of  Collision 

Following  the  transformation  region,  there  is  the  radia¬ 
tion  region,  where  the  real  photons  of  (3.  1.4),  (3.  1.  5)  are 
radiated  by  interactions  of  bunch— bunch,  bunch— field.  The 
typical  radiation  is  SR  and  CRFB.  £8] 

IV.  Waveform  of  Real  and  Virtual  Photon 


A.  VTEM  Mode  Signals  of  Relativitic  EM  Shock  Wave 


In  the  case  of  ultra  relativistic  case  the  electric  fields  ob¬ 
served  in  laboratory  coordinate  is  Ev  (R.  t)  —  E1"*  +  Ef,  where 
E*“  —  EkRq,  Er  —  E,  =  0,  *<  =  SqUo^E*  (A.  1.  1) 
The  relativistic  transvers  impulse  f\  solution  of  (3.  1.  1) 
with  (3.  3.  1)  is 


J; 

Hence. 
ii(O.t) 


dr 


r#+«n— -t) 


it  looks  like  a  TEM  transvers  photon, 
NeS  vH  r  vH2-, 

—  si3 


d0T«.*>  1.2) 

and 

(4.  1.  3) 


This  is  the  waveform  of  BEPC  bunch  signal  which  we  de¬ 
tected  at  TOF  time  reference  electrode  of  BES[5  — 8].  After 
correction  of  the  skin  effect  of  the  signal  cable,  the  bunch 
length  of  BEPC  is  a,  5.  4cm.  (See  Fig.  1) 


B.  VLE  VTM  Mode  Signals  of  Wall  Current  and  Wake  Field 

Because  FCC  impedance  retards  [E,  cB]  and 

-  0  (4.2.  1) 


Thus,  the  impulse  width  is  <  the  wake  field  length,  then 
mo  V,  D*  ^  V*.  Integrate  (3. 1. 1) ,  (3. 1.  2) . 


Ne 

Vlc 


exp[-  ||0  sin 


(4.  2.  2) 


4»  =  R*  •  ^  -  3.  26  X  10-7  VT  (4.  2.  3) 

Hence  the  rise  front  of  i*(t)  is  resulted  by  bunch  length 

T'  =  i  =  7'%  =  iVZd  =  2* 


(4.  2.  4) 

a,  =  cT,/2«  =  4.  7 7 ST,  (ns)  cm  (4.  2.  5) 

The  <r,of  BEPC  obtained  by  (4.  2.  5)  is  5.  6cm.  [5—8] 
(See  Fig.  2) 


C.  Boundary  Free  Mode  Signal  of  Synchrotron  Radiation 

The  readout  waveform  S  (t)  of  SR  is  a  cascade  convolu¬ 
tion  of  electronic  responses  of  fi  (t) .  [5—  8]  (See  Fig.  3) 

S(t)  =  /„(<)  *  fi  (t)  *  ....  *  fi(t>....  (4.  3. 1) 

t[FWHMy  =  gt[FWHMj>  (4.  3.  2) 

We  proved  by  the  functional  theroy  in  Banach  space,  that 
9  =  9i9t—9i.  9i  =  tlFWHMji/tlFWHMy*  (4.  4.  3) 
Hence,  o,=  6. 16cm  with  respect  to  <[/W/flf]*=800p6. 


D.  RTEM  Mode  Signals  of  Coherent  RF  Beamstrahhmg 

When  e+  bunch  travels  in  the  wake  field  of  e~  bunch  af¬ 
ter  collision  and  vice  versa,  both  radiate  CRFB.  In  BEPC,  it  is 
a  beat  wave  in  beampipe.  The  wave  length  carries  the  informa¬ 
tion  of  bunch  length.  It  has  been  observed  by  the  readout  elec¬ 
tronics  of  sub  — detectors  of  BES.  a,  —  5.  7  cm.  (See  Fig.  4 
and  5)  All  measured  a,  narrated  above  are  proved  by  collision 
point  reconstruction  of  BES  event  data.  [9] 

Thanks  to  Profs.  M.  H.  Ye,  S.  X.  Fang  and  Z.  P.  Zheng. 
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Abstract 

The  wall  current  distribution  created  by  a  charged  par¬ 
ticle  passing  through  a  beam  pipe  gives  information  on 
the  beam  profile  moments  [1].  A  coordinate  translation 
has  been  made  to  obtain  beam  centroid  moments.  The 
beam  current,  position  and  profile  moments  (in  terms  of 
p"  cosn(0  —  4>i))  can  be  obtained  by  performing  a  spa¬ 
tial  Fast  Fourier  Transform  on  the  wall  current  distribution 
of  a  cylindrical  multistrip  monitor  [2]. 

Computer  simulations  of  the  measurement  and  their  re¬ 
sults  are  presented.  The  accuracy  of  the  measurement  is 
predicted  to  be  better  than  0.1%. 

I.  INTRODUCTION 

Beam  profile  moments  provide  beam  profile  information 
and  are  very  useful  for  beam  emittance  [1]  and  instability 
studies.  A  multistrip  monitor  provides  a  non-intercepting 
tool  for  that  purpose.  The  derived  parameters  are  mo¬ 
ments,  which  not  only  depend  on  beam  intensity,  but  also 
on  beam  shape  and  size. 

Moment  descriptors  have  various  forms.  Some  exam¬ 
ples  of  moments  include  geometric,  complex,  radial  and 
orthogonal  moments.  For  the  particular  problem  studied 
here,  which  has  rotational  symmetries,  radial  moments  are 
adopted  in  this  paper;  however,  we  shall  introduce  the  sub¬ 
ject  with  the  more  familiar  geometric  moments. 

The  definition  of  the  two  dimensional  geometric  (p+  g)th 
order  moments  of  a  density  distribution  function  p(x,  y)  in 
plane  x,y  is  defined  in  terms  of  Riemann  integrals  [3]  as: 


So,  if  we  have  the  whole  set  of  the  second  or  third  de¬ 
gree  moments,  we  could  reconstruct  the  beam  up  to  the 
accuracy  of  that  order  [4]. 

There  are  some  other  orthogonal  polynomials  that  can 
be  used  for  image  reconstruction,  which  are  more  conve¬ 
nient  than  the  moment  matching  approach  [4]. 

III.  WALL-CURRENT  DISTRIBUTION  AND  MOMENTS 

When  a  charged  particle  beam  passes  through  a  con¬ 
ducting  pipe,  an  image  current  will  be  produced  on  the 
wall.  If  the  particle  is  an  ultra-relativistic  one,  or  if  the 
beam  is  very  long,  then  the  electrical  field  will  be  in  a 
plane  which  is  perpendicular  to  the  direction  of  motion. 
The  wall  current  distribution  in  the  cross-sectional  plane 
is  a  two-dimensional  problem,  and  can  be  described  with 
the  field  produced  by  a  line  current.  The  wall-current  dis¬ 
tribution  is  not  only  determined  by  the  beam  position,  but 
also  by  the  density  distribution  of  the  beam  and  the  total 
beam  current.  _ 


Fig.l:  Wall  current  due  to  a  line  current  in  a  conducting 
cylinder  and  coordinate  translation. 


xpyqp(x,  y)dx  dy  , 


p,q  =  0,1,2,... 


(1) 


It  is  assumed  that  p{x,y)  is  a  piecewise  continuous, 
bounded  function,  and  that  it  can  have  non-zero  values 
only  in  a  finite  part  of  the  x,y  plane;  then  moments  of  all 
orders  exist  and  the  uniqueness  theorem  can  be  proved. 

Uniqueness  Theorem :  The  double  moment  sequence  Mpg 
is  uniquely  determined  by  p{x,y)\  and  conversely,  p(x,y) 
is  uniquely  determined  by  the  set  A/p? . 


II.  MOMENT  MATCHING  APPROACH 


For  a  delta  function  line  current  pi,  at  point  (r;,^),  the 
image  current  density,  J ,  on  a  conducting  cylinder  of  radius 
R  at  point  (R,0)( see  Fig.l)  is  given  by: 


j  lr  tb  R  _ r«  ) _ 

Ami!'(r '*'*'*>-  2*R(R?+r] -2Rt,cOS(9- 4,)) 


Expanding  in  powers  of  ri/R  gives: 


J™9*(r,4,R,6)=£ji  l+2£(^)ncosn  («—*.) 


We  could  always  obtain  a  continuous  function  g{x,y), 
whose  moments  exactly  match  those  of  f(x,y)  up  to  a 
given  order  Nmat,  assuming  that  we  have  the  set  of  mo¬ 
ments  Mpq  [4],  The  more  higher  order  moments  we  have, 
the  more  accurate  and  closer  to  the  original  function 
f{x,y)  the  g(x,y)  must  be. 

g(x  ,y)  =  goo  +  giox  +  goiy  +  +  gnxy  +  jojy2 

+  03o*3  +  gn  x2 y  -f  guzy2  +  gosy3  +  •••■  (2) 

The  coefficients  gp<l  should  be  determined  so  that  the  mo¬ 
ments  of  g(x,y)  match  the  moments,  Mp<t,  of  f(x,y),  ac¬ 
cording  to  the  following  expression. 

1  f+l 

j  xpy<'g(x,y)dxdy  =  MPV  .  (3) 


The  above  expansion  represents  a  series  of  azimuthal  com¬ 
ponents.  The  wavelength  of  the  dipole  component(n=l)  is 
the  circumference  of  the  beam  pipe  2irR.  The  induced 
current  density  at  one  observed  location  on  the  wall  will 
be  the  integral  of  the  above  equation  over  all  the  beam 
particles: 


i  '  ns  ] 


x  £p,r?  cos  n<fi,  -f  ^  P>r?  sin  w <t>,  \ 

\  n* 1  t  ' 


The  above  equation  shows  that  the  wall-current  density 
created  by  ?  beam  passing  through  the  pipe  is  actually 
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the  sum  of  moments  closely  related  in  form  to  the  radial 
moments  with  both  degree  and  angular  dependence  of  n. 
The  FFT  components  of  each  order  give  the  moments  of 
that  order  in  the  forms  of  £,•  P?  cos  nfa  and  P?  sin  n4>i- 

But  the  moments  we  obtained  here  are  the  moments 
around  the  center  of  the  beam  pipe(Pnn).  Only  the  mo¬ 
ments  around  the  beam  centroid  have  the  property  of  in¬ 
variance,  and  can  be  used  to  describe  the  beam. 

IV.  CENTROID  MOMENTS 

A  coordinate  translation  has  to  be  done  to  obtain  the 
centroid  moments.Fig.l.  Let  us  use  the  complex  form  to 
express  the  moments.  FVom  the  FFT,  the  moments  we 
obtained  are:  Po  =  P« 

Pnn  =  ^ piT? cos n<t>i  +  i  pir"  sin  n^,  =  p,Z "  (7) 

•  i  i 

where  Zi  —  x <  +  iy,  is  the  distance  from  the  particle  to  the 
center  of  the  pipe.  Z0  =  x0  +  iy0  is  the  distance  from  the 
centroid  to  the  center  of  the  pipe.  So,  the  distance  from 
the  particle  to  the  centroid  is:  Z,  -  Z0. 

The  centroid  moments  Mnn  are: 


C.  Position 

The  first  order  component  of  the  FFT  is  p^r, 

cos(0-^,),  which  gives  the  first  degree  moment  around  the 
center  of  the  pipe  as  Re(Mn)  =  p,r,  cos  4>i,lm(Mn)  = 
£,•  p,r,sin  fa.  fa  represents  the  phase  angle  in  the  FFT 
data,  which  is  the  total  effect  of  the  position  shift  of  all 
the  particles. 

Therefore  the  position  of  the  centroid  in  a  polar  co¬ 
ordinate  is  r  =  (y/(Re(Mii)2  +  fm(Afn)2))/.Mo,  and 
fa  =  tan~\(Im(M\\)IRe(M\\))t  or  in  the  xy  plane, 
x  —  v  cos  <)>\ ,  y  =  r  sin  fa . 

D.  Quadrupole,  sextupole  ini  higher  order  moments 

The  second  order  component  from  FFT  provides  infor¬ 
mation  about  the  best-fit  ellipse.  The  third  order  compo¬ 
nent  gives  the  sextupole  moment;  the  fourth  order  gives 
the  octupole  moment.  The  number  of  moments  that  can 
be  obtained  depends  on  how  many  strips  the  monitor  has. 
The  moments  are  all  in  the  form  of: 

Re(Mnn)  =  yVr  cosn^i  /m(A/„„)  =  sin  n^,  (9) 


=  P0  =  ^^p,  (8)  The  coefficients  of  the  second  order  component  from  the 

,  FFT  give  the  second  degree  moments,  i.e.  quadrupole  mo- 

»  k  ments  and  phase.  It  also  can  be  written  as: 

=  2><z. - *.>■  =  X> R,(Un)  .  = 

n— 1  1  it 

=  (-irajA  +  gStlC: tz;-kr»  +  Pn..  ;„(«„)  =  *=  -  5‘"""  ,10> 


V.  THE  BASIC  BEAM  INFORMATION  FROM  A 
CYLINDRICAL  MULTISTRIP  MONITOR 

The  wal-current  distribution  on  a  cylindrical  multistrip 
monitor  immediately  yields  basic  beam  parameters  such 
as  current,  position,  orientation  and  information  related 
to  size. 

A.  Phase  angle  of  each  higher  order  moment 

The  FFT  of  the  wall  current  distribution  only  gives 
the  value  of  Re(Mnn),  Im(Mnn)  and  fa  directly.  Here, 
Re{Mnn )  represents  the  real  part  of  the  second  order  mo¬ 
ment,  and  Im(Mnn)  represents  the  imaginary  part. 

Although  the  azimuthal  moments  are  the  sum  of  the  den¬ 
sity  value  at  each  point  multiplied  by  its  distance  rj*  and 
cos nfa  or  sinn^i,  where  fa  is  the  phase  angle  of  the  parti¬ 
cle  at  that  place,  the  collective  effect  of  the  sum  is  that  the 
moment  has  a  phase  angle  fa,  which  represents  the  orien¬ 
tation  of  the  image  component  of  that  order.  For  example, 
for  the  quadrupole  moment,  fa  represents  the  orientation 
of  the  best-fit  beam  ellipse,  and  for  the  sextupole,  fa  repre¬ 
sents  the  orientation  of  the  triangle,  etc.  So,  from  the  FFT, 
nfa  can  be  determined  by  tan_1(/m(A/„n)//2m(A/„n )j. 
and  4>n  as  well.  In  the  following,  we  use  fa  to  represent 
the  phase  angle  in  each  FFT  component  of  the  correspond¬ 
ing  order  and  use  M„„  to  represent  the  centroid  moments. 

B.  DC  component 

The  first  component,  i.e.  zero  order  of  the  FFT,  is  a 
constant  value,  which  represents  the  dc  current  of  the  beam 
with  a  factor  of  r R.  The  dc  current  is  also  called  the  zero 
degree  moment. 


For  a  uniformly  distributed  elliptical  beam  whose  principal 
axes  are  the  same  as  x  and  y,  the  following  formulae  are 
valid: 

pz7dzdy  =  ^xpab3  J  J py7 dz  dy  =  pa3 b  (11) 

where  2a  and  25  are  the  long  and  short  axes  of  the  ellipse 
respectively,  and  /  Jpxydxdy  =  0.  So, 

where  is  the  second  degree  moment  with  0  angular 
dependence,  i.e.  22iP>ri-  The  half-axis  a  and  b  can  be 
determined  therefore. 


E.  Width  signal 

Although  we  have  obtained  M 22  and  the  phase  of  the 
beam,  A/jo,  which  contains  a2  +  b2,  is  missing  from  our 
FFT  data.  A  Monte  Carlo  computer  simulation  has  been 
done  with  elliptical  beams  of  uniform  distribution.  All  had 
the  same  a7  -  b2  =  0.75,  L  it  a/b  varied  from  1.5  to  2,  3 
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and  4.  The  wall-current  distribution  has  been  calculated 
for  both  centered  and  off  center  beams.  As  long  as  the 
positions  and  phases  of  the  beams  are  the  same,  the  differ¬ 
ence  between  the  corresponding  wall-current  distributions 
is  of  order  10~4,  which  is  at  the  level  of  statistical  fluctu¬ 
ation  of  the  Monte  Carlo  calculation.  Therefore,  A/20  or 
a/b  has  to  be  measured  with  another  method. 

If  the  beam  aspect  ratio  is  known  from  the  beam  optics 
or  some  other  measurement,  then  the  best  fit  ellipse  can 
be  determined.  With  Teague’s  moment  matching  formulae 
or  other  orthogonal  polynomials,  one  could  reconstruct  a 
beam  shape  to  the  accuracy  of  that  order.  For  a  thin  beam, 
say,  b  is  1/3  or  even  1/4  of  a,  a2  -  62  is  approximately  a2, 
so  the  width  signal  a  can  be  obtained  immediately. 

A  round  beam  does  not  have  high  order  moments,  so 
the  cylinder  multistrip  monitor  will  indicate  this.  When  a 
round  beam  is  in  the  center  of  the  pipe,  the  distribution 
on  the  wall  is  uniform. 

VI.  COMPUTER  SIMULATION 

A  Monte  Carlo  calculation  has  generated  an  elliptical 
beam,  which  is  0.25  cm  vertically  off  the  center  of  the  beam 
pipe  with  a  size  of  2  cm  x  1  cm  and  fa  —  ir/2.  Since  the 
moments  of  each  order  can  be  calculated,  the  accuracy  of 
the  method  can  be  determined.  The  comparison  shows  the 
accuracy  can  be  better  than  0.1%.  Fig.3  is  the  reconstruc¬ 
tion  of  the  generated  beam  up  to  second  degree  moment. 


0. 


-0. 


-X -0.5  0  o.s  1 

Fig.3:  Reconstruction  of  computer  generated  beam. 

The  result  of  the  computer  simulation  is  listed  in  the  fol¬ 
lowing  table  for  the  first  6  orders: 

Table:  Monte  Carlo  Simulation  Results 


n 

FFT  Ampl 

phase 

ctr.  moments 

dir.  calc. 

1 

0.2502696 

1.570795 

-7.96E-09 

0. 

2 

0.2500159 

3.12109 

-0.18738 

-0.1875 

3 

0.1564581 

4.712302 

-1.104E-04 

0. 

4 

0.1446773 

6.282875 

0.070239432 

0.0702232 

5 

0.1183089 

1.570440 

1. 4728506 E-05 

0. 

6 

0.1101785 

3.142132 

-0.032884017 

-0.0328926 

VII.  SENSITIVITY 


The  wall-current  distribution  formula  [6]  gives  the  am¬ 
plitude  of  the  second  order  component  of  the  FFT  as 
E«  Pi’f  cos 2(0— fa).  The  sensitivity  to  measuring  this 
component  is: 


2  ri£.*r?co*2(0-*,)ll  (a3-b3) 
**  E,  p.  J  ”  2  jp 


(13) 


Assume  a  voltage  across  the  resistor  of  the  monitor  is 
induced  by  a  sizeless  beam  with  same  intensity,  position, 
phase  and  time  structure.  If  the  aspect  ratio  of  the  mea¬ 
sured  beam  is  2  and  the  short  half  axis  b  is  1/10  of  the 
pipe  radius,  then  the  signal  we  could  pick  up  is  0.015  of 


this  voltage  value,  which  not  only  depends  on  beam  struc¬ 
ture  but  also  on  the  frequency  response  of  the  monitor. 
The  signal  amplitude  also  depends  on  the  sensed  current, 
which  is  determined  by  the  width  of  the  strip  used. 

If  the  wall-current  monitor  has  the  frequency  response 
needed,  and  assuming  that  the  peak  current  is  10  mA, 
with  10  ohm  resistors,  16  strips,  we  will  have  about  6.25 
mV  across  each  resistor.  With  a  40  dB  amplifier,  the  signal 
will  be  625  mV.  With  an  aspect  ratio  of  2,  b/R  =  10,  we 
will  have  a  signal  changing  from  -9mV  to  +9  mV  around 
625  mV. 

An  advantage  of  the  method  is  that  because  the  varia¬ 
tion  in  the  amplitude  of  the  signals  depends  on  moments, 
we  can  get  a  measurable  signal  for  a  beam  that  is  small  in 
size  but  high  in  intensity. 

VIII.  ERROR  DUE  TO  NOISE 

In  the  pipe,  there  may  be  other  sources  of  electrical 
cherges,  such  as  residual  gas  etc.,  which  cause  errors  in 
the  signal.  Considered  as  white  noise,  their  effect  will  be 
uniformly  distributed  in  the  area  of  the  whole  pipe.  In  the 
round  pipe,  this  will  give  an  extra  uniform  distribution 
to  the  wall-current,  which  only  changes  the  zero  degree 
moment,  not  the  others.  When  we  use  the  zero  degree 
moments  as  a  dc  level  for  normalization  to  get  beam  size 
information,  there  will  be  an  error. 

There  may  be  some  other  noise  sources  due  to  grounding 
or  RF  etc,  and  one  should  try  to  eliminate  them  before 
doing  the  FFT. 

IX.  SOME  SUGGESTIONS 

The  FFT  analysis  of  the  wall-current  distribution  has  a 
unique  advantage;  it  can  distinguish  the  moments  of  each 
order  very  clearly.  A  concern  with  some  present  BPM 
systems  is  correction  for  non-linearities.  But  if  the  beam 
pipe  is  round,  using  the  FFT,  it  is  very  easy  to  obtain  the 
position  of  the  beam  centroid  without  any  non-linearities. 
Also,  the  zero  order  coefficient  of  the  FFT  gives  the  dc 
component  right  away.  One  does  not  need  to  do  BPM 
mapping  anymore,  just  place  a  round  pipe  antenna  in  the 
center  of  the  pipe  to  calibrate  the  correction  coefficients 
for  all  the  pick-up  strips.  This  will  save  a  lot  of  work. 

To  avoid  noise  problems,  some  filtering,  which  usual  elec¬ 
tronics  have  already  used,  may  be  needed  before  doing  the 
FFT. 
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Abstract 

The  wire  scanners  are  designed  in  the  SSC  Linac  for  mea¬ 
surement  of  beam  emittance  at  various  locations.  In  order  to 
obtain  beam  parameters  from  the  scan  signal,  a  data  analysis 
program  was  developed  which  considers  the  problems  of  noise 
reduction,  machine  modeling,  parameter  fitting  and  correction. 
This  program  is  intended  as  a  tool  for  Linac  commissioning  and 
also  a  part  of  the  Linac  control  program.  Some  of  the  results 
from  commissioning  runs  are  presented. 

I.INTRODUCnON 

The  SSC  linear  accelerator  is  a  600  MeV  IT  linac  including 
a  35  KeV  ion  source,  a  low  energy  beam  transport  section,  a  2.5 
MeV  RFQ  acceleration  section,  a  70  MeV  Drift  Tube  Linac  and 
the  final  600  MeV  Coupled  Cavity  Linac.  The  required  beam 
emittance  is  0.3nmm-mrad  in  both  X  and  Y  directions. 

In  order  to  achieve  the  desired  goal,  emittance  growth  con¬ 
trol  is  important  not  only  at  the  design  and  construction  stage, 
but  also  during  commissioning  and  operation. 

The  Wire  scanner  system  is  one  of  the  main  emittance  mea¬ 
surement  methods  for  the  SSC  linac.  A  total  of  18  wire  scanners 
are  designed  in  the  linac  and  transport  line.  They  are  located  at 
different  stages  of  beam  acceleration  and  will  be  used  for  on  line 
beam  matching  and  optimization. 


Fig.  1  Schematic  of  SSC  Wire  Scanner 


♦Operated  by  the  University  Research  Association,  Inc.,  for 
the  Department  of  Energy  under  Contract  No.  DE-AC35- 
89ER40486. 


II.  WIRE  SCANNER  FOR  SSC  LINAC 

A  schematic  of  the  wire  scanner  is  shown  in  Figure  1.  The 
design  is  similar  to  the  SLAC  SLC  wire  canner. 

The  wire  is  made  of  gold  plated  graphite  fiber  with  a  diam¬ 
eter  of  33  micron.  The  frame  is  made  of  ceramic  material 
plated  for  wire  mounting.  Three  wires  are  mounted  in  such  a 
way  that  the  wires  cross  the  beam  in  X,  Y  and  at  a  45°  orienta¬ 
tions  in  a  complete  scan. 

The  wire  frame  is  driven  by  a  stepping  motor. 

When  the  wires  are  struck  by  the  beam,  both  secondary 
emission  and  forward  scattering  is  produced  which  is  reflected 
in  the  signals  on  the  wire.  The  wire  signals  are  brought  to  a 
sample  amplifier  and  a  12  bit  wave  form  digitizer  to  convert 
into  digital  wave  form  data.  Wire  signals  are  sampled  by  the 
amplifiers  at  about  5 MHz  rate  to  ensure  adequate  bandwidth 
for  observation  of  longitudinal  macro  bunch  structure. 

IE.  DATA  ACQUISITION  SYSTEM 

Wire  scanner  data  acquisition  is  performed  by  the  linac 
control  system,  which  is  a  distributed  control  system  consisting 
of  SUN  workstations,  network  servers  and  local  control  sys- 
tems(IOC).  Each  IOC  is  a  VME  system  running  VxWorks 
operating  system  and  EPICS. 

Wire  scanner  signals  are  connected  to  a  VME  wave  form 
digitizer  module  through  a  preamplifier  and  a  multipurpose 
interface  card.  Wire  motion  is  dnven  by  a  SMC  controller 
board  and  the  position  sensed  by  a  LVDT.  A  complete  scan 
contains  about  200  posit, on  data  scans  each  has  500  sampling 
points. 

Data  acquired  by  the  IOC  are  read  by  a  SUN  workstation 
through  Channel  Access.  The  data  is  then  sent  to  an  Oracle 
database  on  the  network  which  is  accessible  to  all  the  worksta¬ 
tions. 

IV.  DATA  ANALYSIS  PROGRAM 

The  wire  scanner  data  analysis  program  is  designed  for 
commissioning  and  operation  of  the  linac.  The  main  require¬ 
ments  are  effective  and  practical  algorithm,  fnendly  user  inter¬ 
face,  easy  of  operation  and  access.  It  is  designed  as  a  X/Motif 
application  and  can  be  run  on  any  workstation  on  the  linac  con¬ 
trol  system  network. 

It  mainly  consists  of  four  functional  parts:  user  interface, 
wire  data  display,  r.m.s.  beam  width  calculation,  and  emittance 
fitting 
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1.  User  Interface 

A  main  window  with  menu  button  and  text  window  pro¬ 
vides  program  control  and  message  display.  A  popup  window 
provides  various  plot  functions.  Display  options  are  selected 
by  selection  buttons. 

2.  Wire  Data  Display 

The  main  function  of  the  wire  data  display  is  to  provide 
the  operator  with  a  direct  view  of  the  acquired  data  Noises, 
hardware  failure  and  other  possible  error  will  cause  :^se  data. 
By  careful  study  of  the  original  data,  some  problems  can  be 
diagnosed  and  treated. 

The  display  program  provides  several  views  of  the  data.  A 
longitudinal  view  gives  the  data  variation  with  time  which 
reveals  the  beam  distribution  along  the  longitudinal  direction 
and  signal  spectrum  generated  by  hardware  or  noises.  Three 
dimensional  view  and  single  curve  step  through  options  are 
provided  to  allow  observation  with  different  respective.  Back¬ 
ground  signal  subtraction,  filtering,  averaging  and  smoothing 
are  provided  to  aid  diagnosis  Fig.3.  shows  a  typical  display. 


Fig.2  Wire  Data  Display 

Data  are  also  displayed  in  text  format  for  careful  review 
and  a  data  editor  is  also  incorporated  to  allow  the  operator  to 
eliminate  outliers  due  to  interferences  or  hardware  failure. 

3.  R.M.S.  Width  Calculation 

It  was  shown  that  to  first  order,  which  this  program  is 
intended  for,  beam  behavior  could  be  well  represented  by  an 
equivalent  beam  distribution  with  the  same  r.m.s.  width.  We 
choose  Gaussian  distribution  to  fit  the  beam  profile.  The  trans¬ 
verse  beam  profile  is  defined  by: 


p2 


-XTcr"'x 


dx'dy' 


where  X  is  four  dimension  phase  space  vector,  a  is  trans¬ 
verse  emittance  matrix,  p2  p4  are  real  space  and  phase  space 
beam  distribution. 

For  single  amplifier  configuration,  the  beam  signal  is  the 
sum  of  three  signals  from  each  of  the  wires.  If  the  wire  separa¬ 
tions  are  large  enough,  the  signals  are  easily  separated.  When 
the  size  of  beam  profile  is  comparable  to  the  wire  separations, 
signals  become  overlapped  and  a  signal  separation  routine  is 
developed. 

Signal  center  and  width  are  calculated  through  first  and 
second  moments  calculation.  A  least  square  fitting  routine  is 
then  used  to  do  a  final  fitting.  The  program  outputs  position  of 
the  beam,  signal  amplitude,  and  r.m.s.  beam  width  as  well  as 
bunch  tilt  angle.  Fitting  results  are  also  graphically  displayed. 
Fig.  3  is  a  display  of  the  fitting  result. 
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Fig.3  Display  of  Fitted  Beam  Profile 

4.  Emittance  Fitting  and  Matching 

Several  methods  can  be  used  to  measure  transverse  beam 
emittance.  Here  we  only  describe  fixed  optics  method  which  is 
also  suitable  for  on-line  matching  correction. 

For  a  fully  coupled  beam,  a-matnx  can  be  reconstructed 
by  measurement  of  beam  profile  at  4  locations.  For  decoupled 
case  three  measurement  are  adequate.  In  the  following  descrip¬ 
tion  the  decouples  case  is  assumed. 

Due  to  errors  in  the  width  measurement  and  errors  in 
machine  parameter  and  modeling,  directly  solving  the  linear 
equations  may  not  give  good  results.  We  use  a  least  square 
minimization  to  fit  the  cr-matrix  which  presents  the  r.m.s.  emit¬ 
tance  and  Twiss  parameters  of  the  beam. 

A  series  of  wire  scanners  are  used  to  reconstruct  the  r.m.s 
emittance  fitting  and  matching.  Fig.4  outlines  the  algorithm. 
The  iteration  is  needed  because  of  the  space  charge  effect  at 
low  beam  energy. 

First  the  o-matrix  are  calculated  using  first  order  transfor¬ 
mation  which  does  not  include  space  charge  effects.  Based  on 
this  a-matnx  new  transformation  matrices  are  generated  which 
are  used  to  make  another  a-matnx  fitting.This  process  is  iter¬ 
ated  until  a  convergence  is  reached. 


2445 


The  least  square  fitting  process  is  described  briefly  here. 
Let  o(0)  denote  the  desired  beam  a-matrix,  o(n)  for  a-matrices 
at  wire  scanner  n  and  R(n)  for  the  transformation  matrix  from 
the  point  where  o(0)  is  associated  to  the  nth  wire  scanner  loca- 
tion.The  relation  between  o( 0)  and  o(n)  is  given  by: 


For  each  wire  scanner  n.  we  have 


2 

"  £  Ru(n)aij(n)Rlj{n) 

i.J  -  1 


o(n)  »  R  (n)  a  (0) RT (n) 


The  total  error  is  minimized  for 


The  measured  r.m.s.  radius,  x(n),  of  the  beam  is  related  to  the 
a-matrix  elements  by 


N  r 


ft  m  1 
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The  least  square  minimization  criteria  is  satisfied  by 
solving  the  three  equation  given  by 


here  subscript  m  denotes  measured  values. 


N 


I 


-*!*(») *„(«)  £  Ru(n)a..j(0)Rlj(n) 


i,j •  1 


for  kl=  11,12,22.  This  gives  the  element  of  o(0). 
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Fig.4  Fitting  and  Matching  Algorithm 
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Abstract 

The  focal  spot  size  of  an  x-ray  source  is  a  critical 
parameter  which  degrades  resolution  in  a  flash  radiograph.  For 
best  results,  a  small  round  focal  spot  is  required.  Therefore,  a 
fast  and  accurate  measurement  of  the  spot  size  is  highly 
desirable  to  facilitate  machine  timing.  This  paper  describes 
two  systems  developed  for  Los  Alamos  National 
Laboratory's  Pulsed  High-Energy  Radiographic  Machine 
Emitting  X-rays  (PHERMEX)  facility  [1],  The  first  uses  a 
CCD  camera  combined  with  high-brightness  fluors,  while  the 
second  utilizes  phosphor  storage  screens.  Other  techniques 
typically  record  only  the  line  spread  function  on  radiographic 
film,  while  systems  in  this  paper  measure  the  more  general 
two-dimensional  point-spread  function  and  associated 
modulation  transfer  function  in  real  time  for  shot-to-shot 
comparison. 


I.  INTRODUCTION 

A  flash  x-ray  source  is  produced  when  a  beam  of  high- 
energy  electrons  impinges  on  a  heavy  metal  target  producing 
bremsstrahlung  radiation.  The  time-integrated  spatial  intensity 
distribution  or  spot  size  of  this  source  degrades  the  resultant 
image.  A  radiographic  experiment  can  be  well  modeled  as  a 
linear  system  in  the  following  way  [2]: 

i(x,y)  =  o(x,y)*s(x,y)*f(x,y)  (1) 

Where  i(x,y)  is  the  resultant  image,  o(x,y)  is  the  object 
transmission  characteristic,  f(x,y)  is  the  film  blur 
characteristic,  and  s(x,y)  is  the  two-dimensional  point-spread 
function  (PSF)  of  the  source,  and  *  denotes  convolution. 
Clearly,  as  s(x,y)  deviates  from  an  ideal  delta  function,  the 
resolution  of  the  resultant  image  will  be  degraded.  To  evaluate 
a  source  for  a  given  radiographic  task,  it  is  necessary  to 
characterize  the  focal  spot  experimentally.  We  have  adopted  a 
definition  proposed  by  Mueller  [3]  using  the  -3  dB  point  on  the 
modulation  transfer  function  (MTF)  curve  for  reducing  the 
source  PSF  to  a  single  number  spot  size  for  performance 
comparison  across  machines. 

II.  SYSTEM  DESIGN 

A  wealth  of  literature  exists  on  the  various  techniques  for 
source  characterization  [4-7].  The  primary  methods  are 
illustrated  in  Table  1.  Most  of  these  techniques  are  applied  to 
low  energy  machines  with  small  spots  and  may  require 
multiple  pulsing  to  achieve  the  desired  sensitivity. 


•Work  performed  under  the  auspices  of  the  US.  Dept.  Of  Energy. 


Technique 

Advantages 

Disadvantages 

Resolution 

Pattern 

Scanner  is  not 
required. 

Requires  low  contrast  measurement. 
Difficult  to  interpret. 

Pin  Hole 

Yields  PSF. 

Self  shielding 

Requires  multiple  shots  &  large 
magnification.  Hard  to  manufacture. 

Particle 

Array 

Yields  PSF 

Requires  small  opaque  particles  and 
computer.  Poor  at  high  energies. 

Knife  Edge 

Common  usage 

Assumes  isotropic  source  &  yields 
only  LSF.  Requires  computer. 

Streak 

Camera 

One-dimensional 
time-resolved  data. 

Assumes  isotropic  source.  Difficult 
to  use.  Requires  computer. 

Large  Pin 
Hole 

Yields  PSF. 

Self  shielding. 

Requires  computer.  Needs  high 
quality  data  (i.e.  good  SNR). 

Table  1.  Common  Spot  Size  Measurement  Techniques 

After  testing  these  methods  and  several  others  (using  type 
A  A  radiographic  film  with  1-nun  lead  screens),  the  large  pin 
hole  was  chosen  because  it  offers  several  advantages  in  a  real 
time  system.  First,  the  large  pin  hole  is  self-shielding,  and 
consequently  lowers  the  scattered  background  radiation 
delivered  to  the  CCD  camera  [8],  Furthermore,  it  can  be  used 
on  a  single  pulse  with  relatively  low  magnification.  Finally,  it 
indirectly  yields  a  two-dimensional  PSF.  A  block  diagram  of  a 
prototype  system  is  shown  below  in  Fig.  1 . 


8  MeV  0  4-mm  Tungsten  Coated 

X-Ray  Source  0.3-mm  GdOS  Fluor 


Figure  1 .  Real-Time  Spot  Size  Camera  System 

This  system  images  a  10-mm-diameter,  100-mm  thick 
tungsten  aperture  onto  a  0.3-mm  thick  Gd202S  fluor  coated 
onto  a  0.4-mm  tungsten  intensifying  screen.  The  resulting 
image  is  relayed  to  a  VAX  3100  analysis  computer  by  way  of 


0-7803-1 203- 1/93S03.000 1993  IEEE 


2447 


a  front  surface  mirror,  50mm  FI. 2  camera  lens,  and  a  COHU 
RS-170  CCD  camera  with  an  Analogic  DASM  8-bit  frame 
grabber. 

The  aperture  transfer  function  and  the  detector  blur 
function  are  then  deconvolved  using  a  Wiener  inverse  filter  [9] 
to  yield  the  source  PSF, 


using  a  16-bit  Molecular  Dynamics  laser-scanner  with  an  on¬ 
board  Intel-486  personal  computer. 

Both  systems  use  in  house  software  (written  with  the 
commercially  available  IDL  image  analysis  package  for  VAX 
and  IBM  PC  computers)  which  was  calibrated  using  synthetic 
radiographs  with  known  point  spread  functions. 


S(f)  = 


1(0 

0(f)F(f) 


(2) 


Here  S(f),  1(0,  0(0,  and  F(0  are  Fourier  transforms  of  the 
source  PSF,  resultant  image,  the  opaque  tungsten  aperture  (a 
zero-order  Bessel  function),  and  the  spatial  blur  function 
respectively. 

The  CYLTRAN  electron-photon  transport  code  [10]  was 
used  to  obtain  a  one-dimensional  estimate  of  the  detector  blur 
function  at  the  6-MeV  incident  effective  photon  energy  of 
PHERMEX.  The  resulting  blur  function  is  shown  in  Fig.  2 
below.  For  our  machines,  this  blur  represents  a  small 
perturbation  on  the  final  result  that  can  be  made  negligible  by 
using  radiographic  magnifications  greater  than  two  [11]. 


Blur  ot  6MeV 


Several  types  of  commercially  available  fluors  were 
tested,  and  the  Gd202S  type  fluor  was  superior  in  all  respects. 
(1)  It  has  a  green  spectral  response  that  matches  the  CCD 
camera  spectral  sensitivity,  (2)  has  much  higher  speed  than 
CaW04,  ZnCdS,  or  LaOBr,  (3)  has  low  inherent  blur,  and  (4) 
is  highly  resistant  to  radiation  damage  [11].  The  final  screen 
was  specially  fabricated  by  directly  coating  the  Gd202S  onto 
the  tungsten  intensifying  screen  using  a  lower  binder  ratio  to 
increase  the  effective  density  (from  3.2  g/cc  to  4.5  g/cc)  and 
thus  increase  the  speed  and  lower  the  inherent  blur  from 
secondary  electron  emission. 

Our  second  approach  uses  the  same  basic  large  pin  hole 
technique  with  a  different  imaging  system.  Rather  than  using 
transfer  optics  and  a  CCD  array,  the  hole  is  directly  imaged 
onto  a  storage  phosphor  screen,  which  is  then  read  directly 


III.  EXPERIMENTAL  RESULTS 

Figure  3  below  shows  spline-fit  data  from  a  typical 
machine  tune  -  spot  size  vs  solenoid  focus  current.  Notice  the 
characteristic  parabolic  shape  and  the  high  sensitivity  (better 
than  0.2  mm)  of  the  camera  system.  The  deviation  from  a 
parabola  at  lower  focus  currents  was  attributed  to  pre- 
collimation  of  the  beam  by  a  tapered  beryllium  collimator. 


PHERMEX  Finol  Focus  Sweep 


Figure  3.  Spot  Size  vs  Final  Focus  Magnet  Current 


The  reconstructed  point  spread  function  (with  2-axis 
parametric  least-squares  Gaussian  fits)  is  shown  below  in  Fig. 
4,  along  with  the  associated  (radial-averaged)  modulation 
transfer  function  in  Fig.  5.  These  results  are  typical  of  both 
systems. 


I 


Figure  4.  Typical  PSF  Reconstruction 
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V.  REFERENCES 


Acquisition  Time 


Sensitivity 


Resolution 


Required  Dose 


Abs.  Accuracy 


Dynamic  Range 


SNR  (Typical) 


Image  Size 


Detector  Cutoff 


Analysis  Time 


Energy  Range 


Align.  Error 


Magnification 


CCD  Camera 


I  min 


Phosphor 


8  min 


2-9  mm 


10  Rad  at  Fluor 


0.4  mm 


8  bits 


13  dB 


256x256 


1.0  Cycle/mm 


0.5  min 


0.1  -  30  Mev 


0.2  mm 


0.5-9  mm 


0.1  Rad 


0.3mm 


16  bits 


20  dB 


512x512 


.2  Cycle/mm 


2  mm 


0.1  -50MeV 


0.1  mm 


AA  Film 


2  hr 


0.1  mm 


0.3-9  mm 


1  Rad 


0.3  mm 


It  bits 


20  dB 


512x512 


.3  Cycle/mm 


2  min 


0.1  -50MeV 


0.1  mm 


Table  2.  Estimated  System  Specifications 


IV.  CONCLUSIONS 

Both  systems  performed  well  as  a  machine  diagnostic  to 
facilitate  tuning.  Previously,  to  obtain  and  analyze  the  data  for 
a  single  shot  took  several  hours.  These  systems  both  reduce 
this  turnaround  time  to  a  few  minutes,  dramatically  increasing 
the  number  and  type  of  parameters  that  can  be  easily  adjusted. 
The  additional  information  conveyed  by  the  two-dimensional 
PSF  is  also  valuable  whenever  the  beam  is  not  isotropic. 

The  CCD  system's  primary  advantage  is  the  short  turn¬ 
around  time  (less  than  2  min),  which  makes  it  effectively 
"real-time".  The  storage  phosphor’s  16-bit  dynamic  range 
yields  improved  performance  at  the  expense  of  processing 
time  (typically  5-10  min  per  event).  The  quality  of  the  data 
obtained  with  storage  phosphors  is  as  high  as  radiographic 
film.  On  the  basis  of  our  experience  using  both  systems  at  a 
variety  of  radiographic  facilities,  we  recommend  the  storage 
phosphor  system  using  a  large  pin-hole  because  it  offers  the 
best  compromise  between  quality,  turnaround  time,  and  ease 
of  use. 
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Abstract 

In  the  framework  of  the  plasma  beat  wave  accelerator 
experiment  at  Ecole  Polytechnique,  high  precision  posi¬ 
tion  and  focussing  monitoring  of  a  3  MeV  electron  beam 
is  needed.  A  device  is  proposed  that  uses  backward  op¬ 
tical  transition  radiation  (OTR)  from  a  tilted  metal  foil 
held  into  the  beam.  For  an  electron  energy  of  3  MeV, 
OTR  is  emitted  within  a  large  solid  angle  (typical  apex 
angle  about  40°)  around  the  direction  of  specular  reflec¬ 
tion.  The  design  requirements  are  a  high  resolution  of  the 
imaging  optics  («  10  /un),  a  high  sensitivity  (ss  10  pA 
beam  current,  not  focussed),  robustness,  and  low  cost.  A 
prototype  has  been  constructed  and  successfully  tested.  A 
similar  device  will  be  used  for  adjusting  a  laser  focal  spot 
on  an  electron  focal  spot,  and  for  monitoring  the  beam  on 
entry  and  exit  of  a  gas  vessel. 

1.  Introduction 

The  need  for  ever  increasing  particle  energies  at  reason¬ 
able  accelerator  size  has  led  to  numerous  investigations  of 
new  techniques  to  increase  the  accelerating  electric  field. 
One  of  these  techniques  is  the  plasma  beat-wave  accelera¬ 
tion  (PBWA)  scheme,  proposed  by  Tajimaand  Dawson  [1]. 

In  the  PBWA  experiment  at  Ecole  Polytechnique  two 
high-intensity  Nd-laser  pulses  of  slightly  different  wave¬ 
lengths  (YAG,  1064  nm  and  YLF,  1053  nm)  are  focussed 
in  a  vessel  containing  hydrogen  gas  at  a  pressure  of  2  mbar 
(ss  1.5  Torr)  and  create  almost  instantaneously  a  fully  ion¬ 
ized  plasma  by  multi-photo-ionization.  The  beating  of  the 
two  light-waves  provides  a  longitudinal  electric  force  which 
oscillates  with  the  frequency  difference  Aw  =  w2  —  W| 
of  the  two  lasers.  If  the  frequency  difference  is  equal  to 
the  plasma  frequency  wp  =  ^/e2ne/e0me,  this  so-called 
ponderomotive  force  resonantly  excites  a  longitudinal  rela¬ 
tivistic  electron  plasma  wave  (Lorentz- factor  7  =  uq/wp  « 
100),  i.e.  spatial  and  temporal  variations  of  the  electron 
density  ne.  The  charge  separation  produces  a  longitudinal 
electric  field  of  up  to  several  GV/m.  A  relativistic  electron 
with  the  right  phase  can  catch  the  wave  and,  riding  from 
the  crest  to  the  trough  of  the  wave,  gain  energy  from  the 
potential  difference  [2]. 

So  far,  at  Ecole  Polytechnique  the  first  two  stages  of  the 
experiment,  i.e.  plasma  creation  and  beat-wave  generation 
have  been  studied  [3].  The  injection  of  3  MeV  electrons 
from  a  Van-de-Graaff  accelerator  is  scheduled  for  1994. 

The  laser  beams  are  focussed  to  form  a  plasma  of  about 
100  /rm  (FWHM)  width  and  about  one  centimeter  length 

1  Now  at:  DRFC,  CEA  Cadarache,  France 


1 0'Vsr 


Figure  1:  Angular  photon  distribution  and  corre¬ 
sponding  emission  pattern  for  3  MeV  electrons 

Thus,  the  injected  electron  beam  has  to  be  focussed  and 
positioned  with  high  accuracy,  i.e.  spot  position  and  size 
have  to  be  monitored  with  a  precision  of  order  10  pm. 

In  the  past  20  years,  beam  spot  visualization  using  back¬ 
ward  optical  transition  radiation  has  proved  to  be  a  useful, 
simple  and  inexpensive  method  [4], [5],  since  conventional 
imaging  optics  and  video  (CCD)  cameras  can  be  used. 

2.  Transition  radiation  intensity 

When  a  charged  particle  crosses  the  boundary  between 
two  media  with  different  refractive  indices,  electromagnetic 
radiation  is  emitted.  This  phenomenon  is  called  transition 
radiation  (TR)  [6].  The  case  where  one  of  the  media  is 
the  vacuum  (n=l),  and  where  the  particle  is  relativistic 
(7  =  E/m  >  2)  is  generally  considered.  The  spectral 
and  angular  distributions  depend  on  whether  the  particles 
cross  the  boundary  from  medium  to  vacuum  (forward-TR 
or  vice  versa  (backward-TR). 

In  the  case  of  forward-TR,  the  photons  emitted  by  an 
appreciably  relativistic  particle  are  mainly  in  the  X-ray 
domain.  The  number  of  photons  per  wavelength  interval 
shows  a  1/A  rise  up  to  a  cutoff  frequency  wc  =  7 uip  where 
u)p  is  the  plasma  frequency  of  the  medium2.  The  total 
number  of  emitted  photons  is  then  of  the  order  of  07  where 
a  is  the  fine  structure  constant. 

On  the  contrary,  the  spectral  photon  density  for 
backward-TR  is  proportional  to  the  reflectivity  of  the 
medium,  which  drops  to  zero  for  frequencies  above  u/p. 
It  is  also  inversely  proportional  to  the  wavelength,  and 
therefore  emission  takes  place  maiidv  in  the  visible  and  in 

3For  most  metals,  hwp  is  of  the  order  of  10-20  eV 
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the  near  UV  (optical  transition  radiation, OTR).  The  total 
number  of  emitted  photons  is  of  the  order  of  a. 

The  angular  intensity  distribution  is  centered  around  a 
nominal  axis  of  emission.  In  the  case  of  forward  TR  this 
direction  is  the  particle  trajectory  itself.  In  the  case  of 
backward-TR  it  is  the  direction  of  specular  reflection  of 
the  particle  on  the  boundary.  The  emission  vanishes  in 
the  nominal  direction  and  is  maximal  on  a  cone  around  the 
nominal  direction  with  a  half  apex  angle  7-1.  In  the  case 
of  normal  incidence,  the  intensity  distribution  is  symmetric 
around  the  nominal  axis.  For  oblique  incidence  the  pattern 
is  dissymmetric,  becoming  symmetric  only  in  the  ultra- 
relativistic  limit.  In  this  latter  case  the  (double  differential) 
angular  and  spectral  photon  density  for  backward-TR  is 
given  by  [4]: 

d2N  _  a  R(w)  02sin2(0  +  ip) 
dudCl  4  it2  u>  [\  —  0  cos  (0  +  ip)]2 

where  0  is  the  angle  of  observation  with  respect  to  the 
normal  to  the  boundary,  0  =  v/c,  lj  is  the  frequency,  and 
R(u/)  is  the  reflectivity  of  the  medium. 

In  the  present  application  we  monitor  a  3  MeV  electron 
beam  (7  =  6)  and  the  ultra-relativistic  limit  is  not  suf¬ 
ficiently  accurate.  Hence,  we  have  used  rather  the  exact 
and  more  complex  expression  given  in  [4].  The  numeri¬ 
cal  results  given  here  apply  for  backward-TR  in  oblique 
incidence  at  an  angle  of  ip  =  15°  on  aluminum  and  for  a 
spectral  domain  from  400  nm  to  800  nm.  Figure  1  shows 
the  number  of  photons  per  unit  solid  angle  as  a  function 
of  0  in  the  plane  of  incidence.  The  corresponding  emission 
pattern  is  included  in  the  figure. 

The  quantity  of  collected  OTR  photons  depends  on  the 
angle  of  observation  0  and  the  numerical  aperture3  AO  of 
the  imaging  optics.  Figure  2  shows  the  calculated  depen¬ 
dence  of  the  collected  energy  on  the  numerical  aperture  for 
various  observation  angles.  Around  the  angles  of  maximum 

3  half  apex  angle  of  the  aperture  cone 
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Figure  2:  Dependance  of  collected  TR  energy  per  in¬ 
cident  electron  on  numerical  aperture  for  different  an¬ 
gles  of  observation 
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Figure  3:  Experimental  setup 


emission  0-  =  ip  —  y~l  fs  5°  and  0 +  =  ip  +  7-1  ss  25°  the 
intensity  grows  with  the  square  of  A0.  Around  the  angle 
of  minimal  emission  0  =  ip  =  15°  the  intensity  grows  with 
the  fourth  power  of  A0. 

The  radiant  energy  for  A0  =  100  mrad  at  0  =  0+  is 
0.29-10-3  eV  per  electron  or  0.29  nW  per  pA  beam  current. 
The  photon  yield  is  0.13  10~3  photons  per  electron  or 
8 •  101 1  photons  per  second  and  pA.  Taking  into  account  the 
spectral  OTR  distribution  one  obtains  the  corresponding 
luminous  flux  of  0.17  •  10-9  lumen/pA.  A  beam  spot  of 
1  mm2  size  then  has  a  luminous  exitance  of  0.17  •  10~3  lux 
(0.16  •  10~4  footcandle)  per  pk  beam  current  which  gives 
sufficient  light  yield  for  high  sensitivity  CCD  cameras  for 
the  range  of  currents  in  our  application. 

3.  Experimental  setup 

Figure  3  shows  the  experimental  setup  used  for  the  test 
of  the  prototype  of  the  beam  profile  and  position  monitor 
(BPPM).  A  magnetic  solenoid  lens  focusses  the  parallel 
continuous  electron  beam  on  a  1.5  pm  thick  aluminum  foil 
which  is  tilted  by  15°  with  respect  to  the  beam  axis.  Beam 
current  ranges  up  to  200  pA.  A  fused  silica  window  at  40° 
with  respect  to  the  beam  axis  allows  observation  of  the  spot 
at  the  angle  of  maximal  emission,  i.e.  0  =  25°.  A  two-lens 
optics  images  the  spot  on  the  sensor  of  a  CCD  camera4. 
The  video  signal  is  read  by  a  frame  grabber  card5  inside  a 
PC  for  image  processing. 

Besides  high  resolution,  the  design  of  the  imaging  optics 
was  governed  by  two  other  demands:  high  numerical  aper¬ 
ture  and  a  long  working  distance  (about  200  mm).  The 
size  of  the  object  field  fixes  the  magnification  at  unity. 

A  symmetric  system  of  two  achromatic  doublets  of 
200mm  focal  length  located  on  both  sides  of  an  iris  dia¬ 
phragm  was  found  to  satisfy  these  demands.  The  cemented 
achromatic  doublets6  are  optimized  for  spherical  aberra¬ 
tion  at  infinite  conjugates. 
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Figure  4:  Focal  spot  (125  pA,  1  ms) 

For  unit  magnification  the  object  plane  (i.e.  TR  foil)  is 
at  the  front  focus  of  the  first  lens,  the  image  plane  (CCD) 
at  the  back  focus  of  the  second  lens,  and  the  rays  are  par¬ 
allel  between  the  two  lenses.  In  this  case  third  order  aber¬ 
rations  of  odd  order  in  image  height  cancel.  The  third 
order  spherical  aberration  then  dominates.  For  the  ex¬ 
treme  marginal  ray  at  90  mrad  we  calculate  an  aberration 
of  about  50  pm  at  paraxial  focus,  giving  about  8  pm  stan¬ 
dard  deviation  at  best  focus.  Comparing  this  number  to 
the  pixel  size  (about  10  pm)  and  to  the  diffraction  limit 
(diameter  of  the  Airy-disc,  about  7  pm  at  500  nm),  we  can 
state  that  the  optical  system  is  nearly  diffraction  limited 
and  that  its  resolution  is  matched  to  the  detector. 

The  optical  axis  is  at  an  angle  of  25°  with  respect  to  the 
normal  to  the  foil.  In  order  to  maintain  image  sharpness 
over  the  entire  field,  we  have  tilted  the  image  plane  (CCD) 
as  well.  This  introduces  a  slight  but  quite  tolerable  image 
distortion  of  less  than  1%  at  field  edge.  The  precision  on 
the  tilt  angle  is  not  critical  to  resolution. 

4.  BPPM  performance 

The  sensitivity  of  the  BPPM  is  sufficiently  high  to  vi¬ 
sualize  the  parallel  beam  spot  (about  1mm  diameter)  at 
10  pA  current  at  20  ms  exposure  time.  This  is  particularly 
useful  during  the  beam  alignment. 

Figure  4  shows  a  typical  focal  spot  at  125  p A  and  1  ms 
exposure  time.  We  found  typically  standard  deviations  of 
20  pm  for  optimally  focussed  spots.  As  this  is  rather  close 
to  the  estimated  resolution  limit  of  the  system,  actual  spot 
sizes  might  even  be  smaller. 

Before  our  test  run,  the  motor  turning  the  rubber  belt 
of  the  accelerator  has  been  magnetically  shielded  in  order 
to  suppress  beam  rotation.  When  operating  the  camera  at 
20  ms  exposure  time  m  '  ave  observed  a  residual  rotation 
of  the  focal  spot  with  an  amplitude  of  about  0  3  mm.  The 
movement  is  probably  due  to  residual  fields  and  still  too 
large  for  the  beat-wave  experiment.  By  reducing  the  ex¬ 
posure  time  to  1  ms  we  were  able  to  get  one  single  image 
of  a  spot  per  video  frame.  In  order  to  obtain  a  stable  spot, 
we  are  thinking  of  pulsing  the  electron  beam  and  synchro¬ 
nizing  it  with  the  oscillation  of  the  residual  field. 


a  /  pm 


Figure  5:  Spot  sizes  ox  and  oy  as  a  function  of  the 
current  in  the  magnetic  lens.  The  curves  are  fitted 
theoretical  beam  envelopes.  (125  pA,  1  ms) 


By  tracing  the  spot  size  as  a  function  of  the  cur¬ 
rent  in  the  focussing  lens  we  can  measure  the  beam 
emittance7(Figure  5).  We  obtained  an  upper  limit  for  the 
emittance  of  0.03  mm x mrad. 

The  7  radiation  noise  was  tolerable  and  could  easily  be 
subtracted,  if  present.  No  significant  radiation  damage  to 
the  camera  (dead  pixels)  or  the  optics  was  observed. 

5.  Conclusion  and  future  developments 
Beam  profile  and  position  monitoring  with  OTR  at 
3  MeV  has  been  successfully  tested.  It  meets  the  speci¬ 
fications  for  the  beat  wave  experiment  of  high  resolution, 
high  sensitivity,  robustness  and  low  cost.  Focal  spot  sizes 
of  80  pm  in  diameter  (4er)  have  been  measured. 

A  similar  device  will  be  used  at  the  entrance  of  the  gas 
vessel,  and  inside  the  gas  vessel  for  the  alignment  of  the 
laser  and  electron  focal  spots.  Viewing  the  laser  focus  and 
the  electron  focus  with  the  same  apparatus  will  reduce  sys¬ 
tematic  errors. 
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Abstract 

One  of  the  simplest  applications  of  optical  transition 
radiation  (OTR)  to  acceleratin'  beam  diagnostics  is  beam 
profiling.  We  compare  the  limits  of  resolution  of  beam 
profiles  made  using  OTR  and  profiles  made  using  synchrotron 
radiation.  lAfe  will  discuss  the  physical  basis  for  the  limiting 
resolution  in  each  case  and  show  that  the  case  of  OTR  yields 
essentially  die  same  result  as  standard  diffraction  theory. 

I.  INTRODUCTION 

During  the  last  several  years,  we  have  developed  a  number 
of  techniques  for  measuring  die  emittance  of  relativistic 
electron  beams,  in  collaboration  with  colleagues  at  several 
accelerator  facilities  [1-4],  Our  emittance  measurement 
techniques,  based  on  OTR,  have  been  performed  at  energies  up 
to  about  110  MeV,  to  date.  The  emittance  measurement 
involves  the  simultaneous  observation  of  the  OTR  radiation 
pattern  in  the  focal  plane  of  a  lens  and  the  image  of  the  beam 
profile  at  a  beam  waist  [4].  The  OTR  radiation  pattern  from  a 
single  foil,  or  a  two  foil  Wutski  OTR  interferometer  [S],  is 
used  to  determine  the  beam  divergence.  The  polarization  of 
the  radiation  patterns  gives  information  on  the  horizontal  and 
vertical  emittances 

Gradually,  OTR  based  beam  diagnostics  are  beginning  to 
be  used  more  and  more  at  accelerator  facilities  around  the 
world;  however  we  have  become  aware  that  some  members  of 
the  beam  diagnostics  community  mistakenly  believe  that  OTR 
techniques  are  limited  to  relatively  moderate  energies  because 
of  a  supposed  self-diffraction  effect  [7].  The  purpose  of  this 
brief  paper  is  to  discuss  die  physical  basis  for  the  limiting 
resolution  of  beam  profiles  using  OTR  .  We  will  demonstrate 
that  OTR  can,  in  principal,  be  used  for  ultra  relativistic  beam 
diagnostics.  OTR  resolution  will  also  be  contrasted  with  die 
optics  of  imaging  beams  with  synchrotron  radiation  (SR), 
which  is  well  known.  Some  of  the  misunderstandings  about 
the  optics  of  OTR  imaging  comes  from  inappropriate 
analogies  to  SR 's  special  optical  properties. 

II.  OPTICAL  PROPERTIES  OF  OTR 
A.  Angular  Distribution 

Two  common  misunderstandings  regarding  OTR's  optical 
properties  are:  1)  that  it  is  inherently  “self-diffracting"  because 
it  is  confined  to  angles  of  the  order  of  1/y ,  and  2)  that  it  is 

“formed"  over  a  length  L  --  y  A.  We  will  show  why  these 
concepts  are  wrong  in  this  section. 

In  Reference  [6],  we  used  the  model  of  a  charge  entering  a 
perfect  conductor  to  illustrate  the  properties  of  OTR.  This 
model  is  excellent  for  optical  wavelengths  and  the  angular 


distribution  derived  also  applies  to  x-ray  wavelengths. 

Figure  1  illustrates  the  results  of  deriving  the  transition 
radiation  properties  using  die  method  of  image  charges. 


Figure  1 .  Coulomb  and  radiation  fields  generated  by  a 
charge  q  and  its  image.-q  :  a)  charge  emerging  from  conductor, 
b)  charge  entering  conductor  Radiation  fields  exist  only  on 
sphere  of  radius  R=ct,  when  t>0. 

Figure  la  shows  the  Lorentz  contracted  Coulomb 
fields  of  a  relativistic  charge  emerging  from  a  conductor  as  a 
bundle  of  field  lines  centered  on  q.  The  radiation  field  is  on  the 
sphere  of  radius  R=ct  and  the  Coulomb  fields  are  nonzero  only 
inside  this  sphere.  Figure  lb  shows  the  situation  for  a  charge  q 
entering  a  conductor.  In  this  case  backward  OTR  appears  on 
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die  sphere  of  radius  R=ct  and  die  Coulomb  fields  disappear  at 
time  M).  The  radiation  is  in  phase  everywhere  cm  this  sphere, 
however  the  field  strengths  are  a  function  of  8,  given  by: 


£,  =  0 

Eg  =B<j>  = _ 2Bq  sin9 _  ,  (1) 

R  (1-P2cos20) 

where  (3=v/c.  The  peak  fields  occur  at  0=sin‘*(Py),  however, 
since  the  radiation  is  a  spherical  wave  centered  at  R=0,  there  is 
no  uncertainty  in  its  position  of  origin.  Note  that  it  takes  a 
finite  time  for  the  Coulomb  fields  to  propagate  along  the 
surface  of  the  conductor  inside  die  radius  R. 

It  has  been  suggested  that,  since  the  Fourier  component  of 
wavelength  X  of  the  Coulomb  fields  of  a  relativistic  particle 
in  vacuum  extend  out  a  distance  ~y  X  perpendicular  to  die 
velocity  vector,  there  would  be  an  uncertainty  of  this  amount 
in  die  position  of  origin  of  the  photon  produced  at  a  boundary. 
Further,  it  is  incorrectly  suggested  that  this  will  limit  the 
resolution  of  OTR  images  to  yX.  The  above  discussion  of 
Figure  1  shows  that  the  presence  of  a  boundary  modifies  die 
Coulomb  fields  in  such  away  as  to  confine  them  inside  the 
sphere  whose  boundary  contains  the  radiation  fields. 

Another  misunderstanding  arises  in  connection  with  the 
concept  of  “formation  length”.  The  terminology  is  misleading 
because  it  refers  to  the  distance  along  die  z-direction  in  Figure 
1  over  which  the  radiation  fields  on  the  hemisphere  at  R=ct 
remain  in  phase  with  the  Coulomb  fields  centered  on  the 

charge  q.  When  the  charge  has  traveled  a  distance  Z  ~  y  X,  the 
radiation  fields  begin  to  get  ahead  of  die  particle  fields.  Note 
that  the  relative  phase  of  the  Coulomb  fields,  where  they 
intersect  the  hemisphere,  varies  as  a  function  of  0,  thus  the 
“formation  length”  is  a  function  of  0,  with  maximum  value  at 
0=0.  The  formation  length  does  not  apply  to  backward  OTR. 

This  characteristic  length  Z,  associated  with  the  phase 
between  a  particle  field  and  co- moving  radiation,  is  essentially 
the  same  as  is  found  in  the  case  of  undulator  and  free  electron 
laser  radiation.  It  does  not  refer  to  a  distance  over  which  a 
photon  is  supposedly  “formed”  and  therefore  cannot  be  a  basis 
for  suggesting  that  OTR  is  subject  to  a  depth  of  field  limit  to 
resolution  similar  to  the  synchrotron  radiation  depth  of  field 
problem  discussed  below 

Figure  2  shows  the  ratio  of  radiated  OTR  intensity  per  unit 
frequency  contained  inside  a  cone  of  half-angle  0max  to  the 

intensity  integrated  over  the  entire  hemisphere.  This  ratio  is 
plotted  versus  0max  in  units  of  1/y  for  two  energies  of 

electrons,  1  and  10  GeV.  Figure  2  demonstrates  that,  even  for 
ultra  relativistic  electrons,  a  substantial  portion  of  the  OTR 
occurs  at  angles  0  »  1/y;  therefore  the  concept  of  a  sharply 
limited  angular  distribution  of  order  1/y  and  an  associated 
“self-diffraction"  effect  is  not  valid. 


B.  Diffraction  Limit  of  OTR  Images 

Vfe  have  just  discussed  how  the  OTR  production  and  its 
characteristic  properties  don’t  create  any  strange  resolution 
limitations.  Now  we  will  summarize  the  result  of  a 
calculation  of  diffraction  of  OTR  by  a  lens  which  focuses  a 
spherical  OTR  wave  front  to  a  Gaussian  image  point  on  the 
optica]  axis  of  an  optical  system  at  a  distance  f  from  the 
aperture  of  radius  a  of  the  lens.The  distance  from  the  axis  in 
the  image  plane  is  r,  as  shown  in  Figure  3.  A  point  in  the 

image  plane  at  r  subtends  an  angle  0  =  sin"*(r/f).  As  described 
in  Reference  [6],  we  have  used  standard  scalar  diffraction 
theory,  assuming  f  »a,  and  a  »X;  however,  we  replaced  the 
usual  constant  pupil  function  with  one  with  the  angular 
behavior  of  Eg  of  Eq  (1),  where  now  0  of  Eq.  (1)  becomes  a 
in  Figure  3. 


Figure  2.  Fraction  of  total  OTR  radiation  per  unit 
frequency  contained  in  cone  of  half-angle  0max  as  a  function  of 

0max  » io  units  °f  1/y ,  for  1  and  10  GeV  electrons. 


Figure  3.  Diffraction  of  converging  spherical  waves 
at  a  circular  aperture.  Image  plane  is  at  z= O. 
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Figure  4  shows  the  results  of  the  diffraction  calculation  for 
OTR,  i.eiie  diffracted  amplitude  of  a  point  source  imaged  at 
z=0  in  Figure  3  as  a  function  of  x=ka  sin  6.  For  comparison, 
we  show  die  standard  plane  wave  diffraction  result  for  a 
constant  pupil  function.  Figure  4a  is  for  the  case  of  an 
aperture  angle  amax=  1/y  =  0.01,  while  Figure  4b  is  for  the 

case  of  amax»  1/y  and  is  valid  for  any  value  of  y .  We  see 
that  when  amax=  1/y,  the  diffraction  is  very  close  to  the 
standard  diffraction  pattern,  while  it  is  only  slightly  broader 
when  alnax»  1/y,  and  resembles  an  apodized  diffraction 

pattern.  Therefore  OTR  diffraction  limits  are  almost  the  same 
as  the  standard  plane  wave  diffraction,  i.  e.  this  calculation 
shows  that  self-diffraction  does  not  significantly  alter  the 
resolution  of  OTR  images. 

III.  Comparison  of  OTR  and  synchrotron  radiation 

The  properties  of  SR  are  summarized  in  Reference  [8].  For 
the  purpose  of  comparison  to  OTR,  we  will  summarize  those 
aspects  of  SR  which  affect  the  resolution  of  beam  profiles 
imaged  in  SR.  First,  SR  is  formed  at  every  point  on  the  orbit 
in  a  bending  magnet,  therefore  a  horizontal  limiting  aperture  is 
required  to  limit  the  length  of  die  orbit  which  is  imaged. 
Secondly,  SR  is  more  narrowly  directed  than  OTR  for 
frequencies  to  <  wc,  the  critical  frequency.  In  contrast,  the 

OTR  radiation  pattern  is  essentially  independent  of  frequency. 
For  an  orbit  of  radius  p  and  observed  arc  length  s=p6,  there  is 
an  apparent  increase  of  the  source  width  in  the  horizontal 
plane,  which  is 

A  =  pe2/^  =  s2  /  2  p.  (2) 

The  diffraction  limit  to  the  resolution  is 


6x  -  A/0.  (3) 


Equating  Eqs.  (2)  and  (3)  gives  an  optimum  angle  6  - 
(X/p)1  /3  which  minimizes  diffraction  and  depth  of  field 
distortion.  Even  the  apparent  beam  size  in  the  direction 
perpendicular  to  the  orbit  is  increased  by  the  depth  of  field.  In 
practice,  the  vertical  aperture  dimension  is  chosen  to  match  the 
natural  opening  angle  of  SR  and  x-ray  wavelengths  are  used  to 
increase  the  resolution.  Since  OTR  is  formed  at  the  planar 
interface  of  the  radiating  foil,  it  does  not  suffer  from  die  depth 
of  focus  problem  and  the  aperture  of  the  imaging  system  can 
be  made  large  enough  to  obtain  the  required  diffraction  limited 
resolution  in  accordance  with  Figure  4. 


Figure  4.  Comparison  of  standard  (solid  curve)  and  OTR 
(dashed  curve)  diffraction  amplitudes  for  a)  aperture  angle 
amax=  W  b)«max>>  W- 
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Abstract 

We  report  experimental  results  of  a  technique  for  direct 
measurement  of  the  emittance  in  high  energy  beams.  This 
technique  is  analogous  to  the  well  known  "pepper  pot" 
masking  approach,  but  with  no  upper  limit  on  particle  energy. 
Single  shot  emittance  profiles  were  obtained  on  the  10  kA,  4 
MeV  Sandia  National  Laboratories'  electron  Recirculating 
Linear  Accelerator  showing  agreement  with  theory  and  with 
alternate  emittance  measurements.  Coherent  (i.e.,  not 
strongly  scattered  or  diffused)  Cherenkov  radiation  from  a  flat, 
transparent,  range-thin  dielectric  foil  was  split  by  an  array  of 
mirrors  in  order  to  view  the  emission  profile  up  to  a 
divergence  angle  of  70°.  The  mirrors  were  imaged  by  a  distant 
telescope  attached  to  an  intensified,  2  ns  video  framing 
camera.  The  relative  intensity  profiles  of  the  multiple  images 
were  unfolded  using  the  properties  of  classical  Cherenkov 
emission  and  geometric  optics  to  obtain  directly,  without 
precise  knowledge  of  other  beam  parameters,  the  transverse 
velocity  distribution  in  the  viewing  plane.  In  our  case  the 
rms  emittance  was  directly  proportional  to  the  product  of  the 
beam  diameter  and  the  transverse  velocity  spread.  This  and 
prior  research  efforts  indicate  applicability  over  a  wide  range  of 
high  energy  beam  parameters. 

I.  INTRODUCTION  AND  BACKGROUND 

Understanding  the  transport  properties  of  high  current 
(several  kA),  high  energy  (several  MeV)  electron  beams  is 
complicated  by  difficulties  in  experimental  measurement  of 
the  beam  phase  space  parameters.  Several  techniques1  based 
on  apertured  masks  have  been  developed  that  work  well  with 
repetitively  pulsed  or  cw  beam  sources.  However,  the  particle 
range  in  the  mask  material  must  be  small  compared  to  the 
working  aperture  size  and  the  beam  transverse  temperature 
must  be  low  enough  to  avoid  collimation  errors. 

Our  research  into  Cherenkov  radiation  based  emittance 
measurements  was  motivated  by  the  need  for  a  diagnostic 
which  could  potentially  operate  at  energies  into  the  100  MeV 
range  and  beyond,  provide  local  measurements  of  emittance 
with  nanosecond  time  resolution,  and  be  minimally  perturbing 
to  the  beam.  We  also  expected  to  encountei  difficult 
conditions  such  as  plasma  backgrounds,  rotating  hollow 
beams,  and  beams  with  large  amplitude  collective 
instabilities.  In  non-fluorescing  materials  Cherenkov 
emission  dominates  other  radiation  processes  such  as 
bremsstrahlung  and  transition  radiation  and  has  a  time 
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response  on  the  order  of  the  particle  transit  time  through  the 
material.  For  range-thin  converter  foils  there  is  minimal 
perturbation  to  the  beam.  Transparent  FEP  Teflon  material 
was  chosen  for  study  due  to  its  excellent  performance  as  an 
optical  Cherenkov  radiator,  its  availability  in  large  area  thin 
films,  and  its  relative  ease  of  mechanical  workability.  The 
optical  emission  in  the  range  of  400-700  nm  from  2  mil  thick 
foils  exhibited  strong  peaking  at  the  nominal  Cherenkov 
angle,  time  dependence  that  tracked  the  beam  current,  and  no 
evidence  of  fluorescence  or  radiation  darkening.  These  results 
were  obtained  over  a  range  of  beam  current  densities  from 
lkAA:m2  to  20kA/cm2  and  pulse  lengths  from  20  to  50  ns. 

The  emittance  measurements  were  performed  on  the  SNL 
Recirculating  Linear  Accelerator  (RLA)  injector  in  support  of 
an  ion  focused  regime  (IFR)  transport  experiment.  The  RLA 
injector,  referred  to  as  IBEX,  nominally  produced  a  10  kA,  4 
MeV,  25  ns  electron  beam  with  a  1-2  cm  radius  at  the 
measurement  point.  Emittance  data  were  collected  after  2m 
and  5m  of  linear  transport  along  the  ion  focusing  channel. 
These  data  were  in  good  agreement  with  theoretical  predictions 
of  the  emittance  growth  and  also  with  emittance  estimates 
obtained  from  a  vacuum  expansion  technique.  While 
Cherenkov  witness  plates  have  been  used  in  other  laboratories 
as  optical  current  meters  or  as  beam  profile  diagnostics2,  to 
the  authors'  knowledge,  this  represents  the  first  emittance 
diagnostic  for  an  IREB  based  entirely  upon  the  directional 
properties  of  Cherenkov  radiation. 

II.  DESCRIPTION  OF  THE  DIAGNOSTIC 

A.  Essential  properties  of  Cherenkov  radiation 

For  a  charged  particle  traveling  at  velocity  v  in  a  straight 
line  through  a  dielectric  medium  with  refractive  index  n, 
Cherenkov  radiation  is  emitted  in  a  thin  cone  centered  on  the 
trajectory  with  opening  angle  0C  given  by  cos0c  =  l/pn, 
where  P  =  v/c  is  the  usual  relativistic  factor.  The  basic 
properties  of  this  radiation  are  well  described  in  the 
literature3-4  The  radiation  power  per  kiloampere  of  current 
per  millimeter  of  dielectric  thickness  in  the  visible  spectrum 
Xi=400nm  to  A.2=700nm  is  found  to  be  P  =  58  kW/kA-mm, 
where  Pn  was  chosen  to  be  1.4.  Since  this  power  is  radiated 
into  a  small  solid  angle,  the  observed  intensities  can  be  quite 
strong  even  with  very  inefficient  light  collection  optics. 

Inside  a  linear,  isotropic  optical  medium  the  angular 
thickness  of  the  Cherenkov  cone  is  determined  mainly  by 
Coulomb  scattering  and  by  the  optical  dispersive  properties  of 
the  dielectric.  Variation  of  0C  due  to  slowing  down  of  the 
particle  may  be  neglected  for  range-thin  converters.  In  this 
case  it  can  be  shown  that  the  Cherenkov  cone  is  broadened  by 
less  than  a  few  milliradians  in  the  visible  spectrum  for  most 
optical  materials.  Now  consider  the  radiation  pattern,  still 
within  the  dielectric,  produced  by  a  monoenergetic  beam 
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having  a  transverse  temperature  characterized  by  a  thermal 
velocity  |3j.=vj_/c.  We  will  use  the  following 
approximations:  j3||  - 1  and  tan  <p  j  =  P j_i  /  P 1  =  cp  i ,  where  the 
component  pjj  is  the  instantaneous  transverse  speed  for  the 
ith  particle  in  the  beam  as  the  particle  passes  through  the 
converter.  Hence,  there  is  a  one-to-one  correspondence 
between  the  distribution  function  of  transverse  velocities  and 
transverse  angles.  The  accuracy  is  better  than  two  percent  for 
Pi  <  0 .2.  Since  the  Cherenkov  cone  angle  is  the  same  for  all 
particles,  the  angular  distribution  of  Cherenkov  radiation 
intensity  in  a  plane  perpendicular  to  the  beam  cone  will  be 
directly  proportional  to  the  beam  transverse  velocity 
distribution.  This  simple  result  is  the  basis  for  the  emittance 
diagnostic. 

Outside  the  dielectric  the  physical  and  geometric  optical 
properties  of  the  converter  will  change  this  simple 
proportionality  relation.  The  main  distortion  of  the  radiation 
distribution  in  the  laboratory  is  due  to  simple  geometric 
optics  effects.  Figure  1  illustrates  the  geometry  by 
considering  the  ray  optics  of  an  optically  flat  slab  converter. 


Figure  1.  Basic  geometry  of  a  slab  converter.  0C,  9j,  0r,  0f, 
and  0O  are  the  Cherenkov,  internal  incidence,  external 
refracted,  foil  tilt,  and  observation  angles,  respectively. 

The  converter  plane  is  shown  tilted  with  respect  to  the  particle 
trajectory  to  include  this  option  explicitly  in  the  analysis. 
Using  Snell's  law  the  observed  angle  of  emission  with  respect 
to  the  beam  axis  is  related  to  the  angle  of  emission  in  the 
dielectric  by  the  expression 

0O  =  0f  +  sin~‘[nsin(9c  —  0r )],  (1) 

where  0o,  0f,  and  9C  are  the  observation,  converter  plane  tilt, 
and  Cherenkov  angles,  respectively.  Internal  reflection  can 
become  significant  as  the  internal  angle  of  incidence 
approaches  the  total  reflectance  angle  given  by 
0max=sin"l(l/n).  FEP  Teflon  has  the  desirable  property  of  a 
low  index  of  refraction  of  1.345  which  yields  0c=42’  and 
0max=48\  For  ideal  observation  conditions  the  foil  is  tilted 
such  that  0c=0f  and  the  observation  angle  is  equal  to  the 
principal  Cherenkov  angle,  and  this  angle  is  normal  to  the  foil 
surface.  We  use  the  term  principal  Cherenkov  angle  to  refer 


to  the  angle  of  emission  for  a  particle  in  the  beam  having 
Pli  =  0.  In  the  converter,  by  our  approximations,  the 

average  angle  of  emission  in  the  plane  perpendicular  to  the 
beam  cone  is  always  the  principal  angle.  The  intensities  must 
also  be  corrected  for  internal  reflection  effects.  Cherenkov 
radiation  is  polarized  with  the  polarization  vector  normal  to 
the  cone  surface  and  to  the  direction  of  propagation.  Hence, 
the  p-wave  transmission  reflection  coefficient  given  by 

R  <an2(er~e.) 
tan2(0r  +0j)’ 

where  0i  is  the  internal  angle  of  incidence  and  9r  is  the 
external  angle  of  refraction,  is  appropriate.  Summing  the 
infinite  series  for  total  forward  transmitted  power  yields 


P 


(2) 


B.  Measurement  technique 

The  method  chosen  to  collect  the  intensity  profiles  was  to 
image  the  converter  foils  at  different  angles  and  use  the 
intensity  ratio  of  the  images  to  unfold  the  Cherenkov  angular 
distribution  inside  the  dielectric.  Stray  light  sources  such  as 
intense  sparks  can  easily  be  identified  in  this  manner.  Data 
acquisition  was  via  a  fast  gated,  intensified  video  camera  with 
computer  based  image  analysis.  In  order  to  obtain  an  angular 
discrimination  of  a  few  mrad  the  camera(s)  must  be  placed  at  a 
large  distance  D  from  the  converter  such  that 
[2a+d]  /  D  <  10' 2,  where  d  is  the  effective  camera  aperture  size. 
For  our  experiments  D=30m.  The  Cherenkov  radiation  lobe 
in  the  viewing  plane  was  split  into  six  different  angular  slices 
by  using  flat  mirrors  placed  near  the  converter  foii.  Figure  2 
shows  the  mirror  and  converter  foil  layout  for  the  IBEX  RLA 
measurements.  The  mirror  holder  consisted  of  an  aluminum 
block  with  interference  fit  grooves  machined  at  10'  intervals 
to  correctly  position  each  mirror  in  the  array.  The  entire 
arrangement  fitted  inside  a  standard  8  inch  vacuum  cross.  A 
10  inch  lucite  plate  served  as  the  vacuum  window 

Using  a  600  mm  focal  length  175.6  lens  on  the  camera 
gave  an  angular  resolution  for  this  system  of  about  5  mrad 
which  is  on  the  order  of  the  diffraction  modified  Coulomb 
scattering6  limit  of  the  2  mil  FEP  Teflon  foil  and  is  much 
less  than  the  expected  >200  mrad  divergence  of  the  refracted 
Cherenkov  lobe. 


C.  data  analysis 

The  corrected  Cherenkov  intensity  profile  in  the  dielectric 
was  found,  and  then  the  data  were  fit  to  a  Gaussian  transverse 
velocity  distribution.  The  Gaussian  assumption  was  not 
necessary,  but  it  was  an  excellent  approximation  in  our  case. 

Solving  equation  (1)  for  the  emission  angle  0j  in  the 


dielectric  in  terms  of  the  observation  angle  9j  yields 

sin(0.-0f)l 

0’  =  0f  +sin_  — ^ . 


The  intensity  must  be  corrected  for  refractive  broadening  in  the 


viewing  plane  given  by  differentiating  equation  (1) 


2457 


7  Images  to  Gated  Video  Camera 


30  m  Distance  lOinDia. 


Figure  3.  Gaussian  fit  to  Cherenkov  intensity  profile  data  for 
the  cases  of  2m  and  5m  IFR  transport. 


IV.  CONCLUSIONS 


Figure  2.  Cherenkov  converter  foil  and  turning  mirror  array 
arrangement  shown  as  used  inside  the  8  in  vacuum  cross. 
Foil  tilt  angle  was  42 *  from  normal  to  the  beam. 


Including  the  effect  of  internal  reflection  from  equation  (2)  the 
relative  intensity  Ij  at  the  emission  angle  tpj  is  related  to  the 
measured  intensity  Fj  at  the  corresponding  observation  angle 
by 

d0; 


Ii  =  Fi  i 

1  1  cie; 


f(l  +  R,). 


Fitting  a  Gaussian  distribution  to  the  Ij  data  yields 

Transverse  emittance  ex  may  be  defined  to  be  1/jt  times 
the  area  in  xx'  phase  space,  where  x  is  a  transverse  coordinate 
and  x'=dx/dz  is  the  conjugate  angle.  Using  the  definition  of 
rms  emittance5  it  can  be  shown,  for  beams  of  radius  a  having 
azimuthal  symmetry,  that  tnns  =  2aP±. 


The  angular  dependence  of  Cherenkov  radiation  from 
range-thin,  transparent,  flat  dielectric  foils  can  be  used  to 
measure  the  transverse  velocity  distribution,  and  therefore  the 
emittance,  of  a  warm  IREB  .  This  diagnostic  is  capable  of 
giving  the  local  beam  temperature  for  each  point  on  the 
beam/foil  intersection  plane  to  an  accuracy  better  than  ten 
percent  without  detailed  models  or  simulations  of  the  beam 
transport  conditions.  Time  resolved  data  is  generally 
necessary.  There  is  essentially  no  upper  limit  to  the  beam 
particle  energy  in  this  application.  We  have  completed  a  basic 
feasibility  study  and  a  series  of  experiments  culminating  with 
the  test  of  a  fully  operational  emittance  meter  on  the  IBEX 
RLA  experiment.  Results  are  in  agreement  with  theoretical 
predictions  and  an  alternate  measurement  technique.  There  are 
few  difficulties  involved  in  fielding  Cherenkov  diagnostics  on 
IREB  machines.  The  fundamental  limit  to  the  angular 
resolution  is  diffraction  modified  Coulomb  scattering. 


III.  EXPERIMENTAL  RESULTS 

Intensity  profiles  were  taken  after  various  lengths  of  IFR 
transport  on  IBEX.  The  Gaussian  fit  results  are  shown  in 
Figure  3  for  both  2m  and  5m.  The  values  of  J3j_  obtained 
were  0.11  and  0.17,  respectively.  Die  combined  error  in  this 
measurement  technique  is  less  than  ten  percent.  For 
comparison  the  two  intensity  curves  are  normalized  to  the 
same  peak  value.  Measurements  based  upon  a  vacuum 
expansion  technique7  gave  px=0.15  after  5m  of  transport. 

Calculations  using  the  beam  envelope  equation8  with  the 
measured  plasma  channel  densities  and  beam  radii  gave 
Pl=0.18  for  the  5m  case. 

The  main  problem  encountered  in  this  diagnostic  was 
background  light  in  the  chamber  due  to  diffusely  reflected 
Cherenkov  light  seen  as  higher  than  baseline  intensities 
between  the  mirrors.  As  the  emittance  became  larger  this 
problem  became  more  noticeable.  While  not  tested  on  our 
experiment,  it  should  be  straightforward  to  reduce  the 
background  levels  using  baffles  and  low  reflectance  coatings. 
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A.  Wire  Plane  Construction-  Strung  Wire  Design 

The  strung  wire  design  uses  conventional  technology  as 
demonstrated  by  the  original  TSEM  [1]  to  create  a  wire  plane 
by  stringing  30  titanium  wires  (SO  pm  diameter)  in  a  tightly 
toleranced  pattern.  The  wires  are  strung  at  a  center  to  center 
spacing  of  125  pm  in  a  central  1.9  mm  wide  region  (16  wires) 
and  at  a  center  to  center  spacing  of  250  pm  in  two  3.0  mm 
wide  regions  (7  wires  each)  to  either  side  of  the  central  region. 
This  combination  provides  good  resolution  at  the  center  and  a 
larger  outer  area  of  monitor  sensitivity  for  initial  beam 
steering.  The  pattern  is  maintained  by  a  machinable  ceramic 
base  plate  (22.9  cm  x  7.6  cm  by  6.4  mm  thick)  into  which 
two  "V"  shaped  arrays  of  stainless  steel  pegs  are  inserted  (see 
fig.  1).  Each  wire  end  is  bent  by  45  degrees  around  a  peg  and 
held  in  place  by  anchoring  screws  placed  about  the  periphery 
of  the  ceramic  base  plate.  The  ends  of  the  wires  are  crimped 
in  standard  stainless  steel  wiring  lugs.  One  lug  on  each  wire 
is  connected  directly  to  the  appropriate  anchoring  screw  while 
the  other  is  connected  to  an  anchored  constant  force  (95  g/cm) 
spring.  Each  wire  is  sized  to  stretch  the  attached  spring  2-5 
mm  to  allow  for  elongations  due  to  beam  heating  (see  Beam 
Heating  section).  The  guide  hole  patterns  for  alignment  pegs 
are  numerically  machined  in  the  ceramic  base  plate  to  a  center 
to  center  tolerance  of  +/-10  pm.  A  central  hole  in  the  ceramic 
base  plate  allows  the  proton  beam  to  intersect  the  wires 
without  interference. 

Improvements  over  the  previous  strung  wire  design  include 
easier  alignment  of  the  wires  during  the  assembly  process  due 
to  the  closely  machined  ceramic  base  plate  (versus  the  loose 
peg  and  template  method  used  previously)  and  the  use  of 
crimped  lug  wire  connections  rather  than  the  sometimes 
unpredictable  spot  welding  method.  This  is  evidenced  by  the 
short  assembly  time  required  for  a  new  strung  wire  plane 
(typically  8  hours  for  stringing  30  wires). 

This  wire  plane  design  results  in  individually  tensioned  50 
pm  diameter  titanium  wires  with  a  minimum  center  spacing 
of  125  pm.  Observed  error  under  microscope  reveals  an 
estimated  positional  error  of  +/-10  pm  or  8 %  of  the  nominal 
wire  spacing.  The  design  is  relatively  robust  and  should  not 
degrade  in  the  harsh  targeting  environment. 

B.  Wire  Plane  Construction-  Photoetched  Design 

The  photoetched  design  utilizes  exact  photoetching 
technology  to  create  a  wire  plane  by  chemically  etching  a  30 
wire  pattern  from  a  50  pm  thick  titanium  (3A1-2.5V)  foil 
bonded  to  a  7.6  cm  by  7.6  cm  by  4.8  mm  thick  ceramic 
support  plate  (see  fig.  2).  The  pattern  features  signal  read  out 
pads  around  the  periphery  of  the  backing  plate.  Electrical 
signal  connections  to  the  wires  are  made  by  spot  welding 
ceramic  coated  copper  wires  directly  to  the  exposed  titanium 
pad  surfaces.  The  wire  spacing  and  diameters  are  identical  to 
those  of  the  strung  wire  design. 

The  etching  process  was  developed  by  Max-Levy 
Autograph  of  Philadelphia  [2].  Initially,  the  30  line  pattern  is 
etched  halfway  through  the  thickness  of  a  complete  piece  of 
titanium  foil.  The  partially  etched  foil  is  then  bonded  to  the 
alumina  backing  plate,  etched  side  down,  with  a  sodium 
silicate  inorganic  binder.  Care  is  taken  to  keep  the  foil  flat 
over  the  central  hole  in  the  backing  plate.  After  curing  the 
bond,  the  delicate  wire  pattern  is  etched  into  the  remaining 


titanium  foil  thickness  from  the  unetched  side.  This  leaves 
the  wire  pattern  intact  on  the  ceramic  plate  including  the 
unsupported  lengths  of  wires  directly  over  the  central  hole. 
Finally,  a  Cotronics  ceramic  paint  [3]  is  layered  over  the 
visible  wire  pattern  leaving  only  the  access  pads  on  the 
periphery  and  the  wires  in  the  central  region  exposed. 

The  final  result  is  a  one  piece  TSEM  wire  plane  with  50 
pm  diameter  titanium  wires  on  a  minimum  center  spacing  of 
125  pm.  Observed  error  under  microscope  reveals  an 
estimated  positional  error  of  +/-15  pm  or  12%  of  the  nominal 
wire  spacing.  Most  of  this  error  is  due  to  a  slight  bowing  of 
the  wires  over  the  central  unsupported  region.  The  bowing  is 
believed  to  be  caused  by  the  extruded  titanium  foil  stress 
relieving  during  the  removal  of  much  of  its  bulk  during  the 
etching  process.  In  fact,  bowing  seems  to  be  minimized  when 
the  extrusion  marks  apparent  on  the  unetched  foil  are  oriented 
perpendicular  to  the  etched  wire  direction. 


Figure  2.  Photograph  of  photoetched  wire  plane  design  before 
applying  ceramic  over  coat. 


C.  Vacuum  Vessel  Construction 

Both  designs  utilize  similar  vacuum  vessel  designs 
consisting  of  two  33.7  cm  diameter  conflat  type  vacuum 
flanges.  The  flanges  are  modified  to  provide  an  enclosed  area 
between  the  flanges  25.4  cm  in  diameter  and  4.4  cm  in  depth. 
The  chamber  is  equipped  with  38  pm  thick  titanium  foil  beam 
windows.  Electrical  signals  from  the  enclosed  wire  planes  are 
passed  from  this  interior  space  to  atmosphere  via  ceramic 
coated  copper  wire  and  a  conventional  electrical  feedthrough. 
The  vessel  is  pumped  with  an  8  1/s  ion  pump  attached 
permanently  to  the  flange  assembly.  All  materials  used  in 
both  wire  plane  designs  are  vacuum  compatible  metals 
(titanium,  304  stainless  steel  and  6061  aluminum)  and 
inorganic  ceramics. 

Two  wire  planes  are  mounted  (one  horizontally  and  one 
vertically)  to  the  interior  surface  of  one  of  the  vessel  flanges 
(see  fig.  3).  The  mounting  apparatus  consists  of  four  posts  to 
capture  and  align  the  two  wire  planes  to  each  other  without 
over  constraining  the  planes  from  thermal  expansions  and 
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Abstract 

Improvement  in  focusing  the  proton  beam  onto  the 
antiproton  production  target  necessitates  the  development  of  a 
higher  resolution  beam  profile  monitor.  Two  designs  for  the 
construction  of  a  multiwire  profile  monitor  grid  are  presented. 
The  first  is  a  conventional  strung  and  tensioned  Ti  wire 
design.  The  second  is  a  photo  etched  Ti  grid  of  wires  bonded 
to  a  ceramic  substrate.  Both  have  a  central  wire  spacing  of 
125  pm.  The  completed  beam  profile  monitors  are  designed 
to  operate  in  a  120  GeV  beam  pulse  of  5  x  1012  protons  with 
a  1.5  |ts  duration  and  will  be  installed  in  late  1993. 

I.  INTRODUCTION 

Efficient  antiproton  production  relies  greatly  on  the 
precision  with  which  a  highly  focused  proton  beam  can  be 
placed  on  target  Antiprotons  are  produced  at  the  Antiproton 
Source  Target  Station  by  bombarding  a  10  cm  nickel  target 
with  a  bunched  proton  beam  from  the  Main  Ring.  The 
present  intensity  of  this  beam  is  2.1  x  1012  protons  per  pulse 
and  this  will  rise  to  5.0  x  1012  protons  per  pulse  with  the 
future  Fennilab  upgrade  to  the  Main  Injector.  At  present,  the 
targeting  station  utilizes  a  multiwire  Target  Secondary 
Emission  Monitor  (TSEM)  with  250  |tm  spacing  between 
wire  centers  to  measure  the  targeted  beam's  profile  and 
position  [1].  This  original  monitor's  design  was  based  on  a 
predicted  rms  proton  beam  size  of  400  pm.  With  the  present 
rms  beam  size  at  target  (averaged  over  both  horizontal  and 
vertical  planes)  equal  to  160  pm  and  smaller  beam  sizes 
expected  in  the  near  future,  it  is  obvious  that  a  higher 
resolution  monitor  is  needed  to  ensure  that  the  proton  beam 
interacts  with  enough  wires  so  that  its  width  may  be 
determined  accurately.  In  addition,  with  the  advent  of 
increasing  beam  intensity,  great  care  must  be  taken  to  ensure 
that  higher  resolution  TSEM  wires  do  not  melt  from  their 
interaction  with  the  proton  beam. 

II.  Design  Criteria 

Ideally,  the  wire  size  and  spacing  of  a  new  refined 
resolution  TSEM  should  be  minimized  while  still  ensuring 
the  survivability  of  the  wire  planes  in  the  TSEM's  harsh 
operating  environment  and  during  the  TSEM's  delicate 
assembly  process.  In  order  to  accurately  fit  a  Gaussian 
distribution  and  determine  the  proton  beam  distribution's  mean 
and  sigma  in  both  planes,  the  beam  must  interact  with  at  least 
4  wires.  This  implies  a  wire  center  spacing  equal  to  at  least 
the  average  beam  rms  size  of  160  pm  and  an  individual  wire 
diameter  considerably  less  than  that  is  desired. 

The  TSEM's  operating  location  is  just  upstream 
(approximately  25  cm)  of  the  target.  This  results  in  a  highly 

•Operated  by  the  Universities  Research  Association  under 
contract  with  the  U.S.  Department  of  Energy 


radioactive  environment  The  TSEM  must  be  constructed  of 
inorganic  materials  resistant  to  high  radiation  doses  (>5000 
rad/hour)  and  resistant  to  the  high  temperatures  expected  from 
the  beam  heating  of  the  TSEM  wires  (see  Beam  Heating 
section). 

In  addition,  for  optimum  secondary  emission  effects,  a 
vacuum  environment  for  the  wires  and  their  associated  electron 
collection  foils  is  required.  This  demands  use  of  vacuum 
compatible  materials  and  design  techniques  to  achieve  a 
vacuum  pressure  on  the  order  of  10"7  torr. 

III.  CONSTRUCTION 

Two  new  designs  of  the  TSEM  have  been  developed  to 
offer  the  needed  resolution  and  satisfy  the  design  criteria.  Both 
designs  are  similar  in  all  respects  except  for  the  method  of 
wire  plane  construction.  One  design  uses  conventional  strung 
wire  technology  while  the  other  utilizes  new  photoetching 
techniques.  Both  result  in  50  pm  diameter  wire  planes  with 
125  pm  wire  centers,  essentially  doubling  the  resolution  of 


Figure  1 .  Schematic  of  new  strung  wire  plane  design. 
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contractions.  Surrounding  the  individual  wire  planes  are  38 
pm  thick  titanium  electron  collection  foils  to  collect  the 
electrons  emitted  from  the  struck  wires  and  close  the  signal 
path  to  the  integrating  electronics.  Mounting  mechanisms  are 
similar  for  both  design  types. 


Figure  3.  Schematic  of  wire  plane  mounting  apparatus. 


IV.  BEAM  HEATING  OF  WIRES 

Heating  of  the  TSEM's  wires  by  the  proton  beam  is 
important  to  investigate  for  two  reasons.  Overheating  of  the 
wire  (near  the  wire  material's  melting  point)  could  damage  the 
wire  integrity  and  thermal  expansions  could  cause  a  wire  to 
bow  and  short  to  a  neighboring  wire. 

The  instantaneous  peak  temperature  of  the  section  of  wire 
that  actually  interacts  with  the  proton  beam  is  calculated  by 
estimating  the  amount  of  energy  deposited  in  the  small 
volume  of  wire  exposed  to  beam.  If  the  critical  incoming 
proton  beam  parameters  are  assumed  to  be  equivalent  to  the 
current  predictions  of  beam  on  target  characteristics  after  the 
Main  Injector  comes  on  line  several  years  in  the  future  (3  x 
1012  protons  per  pulse,  0.013  cm  nns  beam  size),  then  for  a 
50  pm  diameter  titanium  wire  (dE/dx  =  1.50  MeV/g/cm2),  the 
instantaneous  peak  temperature  can  be  calculated  to  be 
1270°C. 

Assuming  a  logarithmic  transient  cooling  curve  of  the 
form  e'^and  assuming  the  material  and  geometry  are  of  the 
photo  etched  design,  then  after  1.3  sec  (anticipated  duty  cycle 
of  future  Main  Injector  beam  on  target)  the  temperature  will 
cool,  by  conduction  only,  to  approximately  25°C.  After 
several  pulses  the  wire  will  most  likely  only  cool  to  the 
temperature  predicted  by  averaging  the  total  heat  input  per 
pulse  over  the  entire  duty  cycle,  in  this  case,  approximately 
350°C. 


The  above  calculations,  however  do  not  take  into  account 
that  some  of  the  energy  transferred  from  the  protons  to  the 
electrons  in  the  wire  material  by  Coulomb  scattering  will  exit 
the  wire  with  the  higher  energy  electrons  escaping  the  wires. 
Rough  calculations  show  that  this  Tost'  energy  is  on  the  order 
of  51%  of  the  total  energy  deposited  normally  calculated  for 
titanium  wire  [4].  Taking  this  into  account,  instantaneous 
peak  temperatures  of  central  TSEM  wires  should  be  no  more 
than  620°C  and  long  turn  equilibrium  temperatures  should 
average  around  170°C  Since  the  melting  temperature  of 
titanium  is  1670°C;  damaging  the  wire  material  by 
overheating  is  not  a  primary  concern. 

If  we  assume  an  average  equilibrium  temperature  of  130°C 
as  predicted  above,  then  the  elongation  of  the  1.6  cm  long 
exposed  section  of  wire  (photoetched,  untensioned  design)  is 
approximately  3.3  pm.  If  we  assume  a  circular  shaped  bow  in 
the  wire  due  to  this  elongation,  the  amount  of  sag  is  18  pm, 
more  than  enough  to  touch  a  neighboring  wire.  This 
situation  should  be  addressed  in  future  design  modifications. 

V.  CONCLUSIONS 

Nine  photoetched  TSEM  wire  planes  have  been  constructed 
successfully.  All  specimens  exhibit  a  high  degree  of  precision 
wire  alignment  in  a  compact,  radiation  hard  form.  The  wire 
planes  have  undergone  electrical  continuity,  conductivity  and 
vacuum  compatibility  testing  without  mishap.  Future 
development  of  this  photoetched  design  will  concentrate  on 
further  strengthening  the  sodium  silicate  bonding  techniques 
and  producing  a  method  to  tension  the  unsupported  wire 
lengths  if  found  necessary.  This  method  of  wire  plane 
construction  offers  a  simple,  radiation  hard,  one  piece  design 
coupled  with  delicate  high  precision  wire  placement. 

Two  strung  wire  TSEM  wire  planes  are  presently  being 
constructed  at  Fennilab.  The  highly  accurate  wire  placement 
and  robust  design  of  this  construction  technique  have  been 
proven  through  the  successful  completion  of  a  six  wire 
sample  wire  plane.  Future  development  of  this  strung  wire 
design  is  limited  to  modifications  to  improve  the  ease  of 
assembly.  This  method  of  wire  plane  construction  offers 
precision  placed,  individually  tensioned  wires  coupled  with  a 
durable,  radiation  hard  design. 

Both  wire  plane  designs  will  be  mounted  in  TSEM 
vacuum  vessel  assemblies  and  an  installation  at  the 
Antiproton  Source  Target  Station  will  take  place  later  this 
year.  The  designs  will  offer  the  high  resolution  and  reliability 
necessary  to  satisfy  the  targeting  effort  requirements  not  only 
during  the  continuing  Fennilab  collider  run  but  also  into  the 
Main  Injector  era. 
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Abstract 

Bremsstrahlung  from  an  electron  beam  on  a  heavy  target  can 
be  used  to  image  the  beam  profile  using  collimators  and  slits. 
The  limiting  resolution  using  this  system  is  determined  by 
Fresnel  diffraction,  and  is  ~  V(Xd/2),  where  A  is  the  photon 
wavelength  and  d  is  determined  by  the  linear  dimensions  of 
the  system.  For  linear  colliders  this  resolution  could  be  a  few 
nm.  The  highest  resolution  requires  detectors  which  see  only 
high  energy,  (small  A ),  photons,  and  this  is  accomplished  by 
converting  photons  to  pairs,  and  detecting  Cherenkov  light  in  a 
nearly  forward  angle  with  a  CCD  detector  or  streak  camera. 
Tests  are  planned  at  the  Argonne  APS  and  SLAC  FFTB. 

I.  INTRODUCTION 


The  next  generation  of  linear  colliders  will  require  very  small 
(1  -  100  nm)  beam  spots  at  the  interaction  point  to  produce 
significant  luminosity,  since  the  number  of  electrons  which 
can  be  accelerated  to  high  energy  is  limited  by  the  available 
power,  its  cost,  and  the  acceleration  efficiency.  Producing, 
maintaining  and  monitoring  these  spots  will  be  be  difficult.  [1] 

We  are  building  a  bremsstrahlung  beam  profile  monitor  which 
uses  nonimaging  optics  to  measure  beam  position  and  density 
profile,  (p(y)  or  p(y,t)),  at  the  final  focus  of  a  beamline  or 
collider[2].  The  ultimate  resolution  is  roughly  5-30  nm,  and 
200  fsec,  which  should  be  sufficient  to  contribute  to  initial  and 
final  tune  up,  and  online  monitoring  of  beam  position  if  active 
stabilization  of  seismic  motions  is  required.  Although  the 
system  is  being  developed  using  bremsstrahlung,  backscattered 
photons  from  Compton  scattering  or  beamstrahlung  from  e+/e' 
collisions  could  also  be  used. 


The  system.  Figure  1,  consists  of  a  Bremsstrahlung  radiator  at 
the  focus  of  the  electron  beam,  a  single  sided  collimator  to 
produce  a  bremsstrahlung  shadow,  and  a  slit  and  detector 
system  to  measure  the  shape  of  the  shadow  edge.  The 
diagnostic  slit  could  be  either  tilted  or  parallel  with  the 
primary  collimator.  The  sharpness  of  the  shadow  is  inversely 
proportional  to  the  size  of  the  spot  at  the  bremsstrahlung 
source.  Shielding,  and  sweeping  magnets,  are  not  shown. 
Finally,  the  bremsstrahlung  photons  will  be  detected  using  a 
pair  converter  and  Cherenkov  radiator. 


Figure  1.  Bremsstrahlung  radiator,  single  sided  collimator,  slit 
and  detector. 
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H.  RESOLUTION 

The  ultimate  resolution  of  this  system  is  limited  by  Fresnel 
(circular  wavefront)  diffraction[3].  This  limit  can  be 
approximated  using  Fraunhofer  (plane  wave)  diffraction,  by 
considering  a  virtual  slit  at  the  primary  collimator  location, 
where  the  virtual  slit  width,  s,  is  such  that  the  sagitta  is  equal 
to  A,  the  photon  wavelength.  If  the  source  to  collimator 
distance  is  a,  the  collimator  to  detector  distance  is  b,  and  b  » 
a,  the  expression  for  the  sagitta  A  -  s?/2a  gives  the  virtual  slit 
width,  s=V(2Xa),  (see  Fig  1).  The  angular  diffraction  width  is 
then  X/s  and  the  limiting  resolution  at  the  foil  is  roughly  (X/s)a 
~  V(Xa/2),  nearly  the  geometric  mean  of  the  beamline 
dimensions,  (1-10  m),  and  the  photon  wavelength,  ( X  >  10~16 
m  at  10  GeV  ).  Improving  the  resolution  requires  reducing  a, 
by  moving  collimators  close  to  the  target,  or  X,  by  detecting 
the  highest  energy  photons. 


Accurate  calculations  require:  1)  Fresnel  optics,  which  is  done 
for  monochromatic  light  in  most  optics  books,  and  2)  a 
complete  photon  spectrum  which  includes  the  actual  detector 
acceptance  function.  The  relevant  spectra  are  bremsstrahlung, 
with  n<y(y)  ~  1/y,  Compton i  scattering,with  rvAy)  =  const,  and 
ny(y)  s  y"™  (l-y)*”  ew'"!),  from  beamstrahlung  at  the  IP 
Here  y  =  Eyl  E^  max-  and  K  =  2/3Y,  and  Y  is  the  fractional 
energy  lost  to  individual  photons.[4]  The  acceptance  of  the 
detector  has  been  evaluated  using  EGS4  and  and  a  more 
specialized  monte  carlo  program  which  generates  a 
bremsstrahlung  spectrum,  computes  pair  production  and 
subsequently  evaluates  multiple  scattering.  The  brents 
spectrum  are  shown  in  ref  [2].  Integrating  Fresnel  diffraction 
patterns  for  the  appropriate  energy  spectra  gives  the  complete 
profile.  This  note  defines  a  resolution  function  as  the 
derivative  of  this  sum  of  diffraction  images,  shown  in  Fig  2, 
This  curve,  which  is  nongaussian,  is  the  effective  shape  of  a 
beam  at  the  bremsstrahlung  radiator  in  the  limit  of  a  zero  width 
slit  at  the  detector. 

An  option  for  the  bremsstrahlung  detector  is  shown  in  Fig  1, 
with  pair  converter  followed  by  Cherenkov  radiator. 
Sweeping  magnets  may  be  required  to  reduce  shower 
background.  The  number  of  Cherenkov  photons  detected 
should  be  on  the  order  of  2000  /  half  width,  which  should  be 
sufficient  for  the  operation  of  a  streak  camera.  Time 
resolution  on  the  order  of  o  =  200  fsec  should  be  obtainable 
with  the  Hamamatsu  FESCA  500  streak  camera[5],  which 
should  be  able  to  examine  structure  within  individual  bunches. 
This  resolution  is  only  available  with  slit  widths  of  10  pm, 
which  will  be  difficult. 

Ionization  of  the  bremsstrahlung  radiator,  motion  of  the  target 
ions,  multiple  scattering,  depth  of  focus,  beam  focusing  by 
the  plasma  created  in  the  radiator,  and  synchrotron  radiation 
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by  the  primary  electrons,  should  be  detectable,  and 
correctable,  effects  Multiple  scattering  and  focusing  should 
be  small  effects  compared  to  the  divergence  of  the  primary 
beam.  Synchrotron  radiation  should  be  detectable,  at 
colliders,  with  fractional  photon  energy  Y=0.1,  but  perhaps 
also  at  the  FFTB  as  well,  where  Y=0.002.  Ions  will  be 
focused  by  the  beam,  increasing  the  local  density  of  the 
bremsstrahlung  radiator,  although  this  should  be  correctable. 


Figures  2  Resolution  functions  for  bremsstrahlung  (top), 
beamstrahlung  (middle)  and  Compton  scattering  (bottom) 
using  possible  linear  collider  conditions,  (Ee  =  250  GeV,  a 
=10  m,  b  =  200  m,  0  =  2°).  All  are  nongausian 


sufficient  to  vaporize  a  hole  10  pm  in  radius  in  a  tungsten 
foil  The  foils  would  be  moved  after  every  pulse. 

The  collimators  and  slit  edges  have  to  be  flat,  and  thick 
enough  to  stop  the  beam.  Tungsten  mirrors  can  be  produced 
which  are  3"  in  diameter,  and  optically  fiat,  X/20  * 
(o*10nm),  for  reasonable  prices,  with  better  surface  quality 
possible  at  higher  prices[7].  With  a  radiation  length  of  about 
0.31  cm,  direct  photons  would  be  attenuated  by  10"11  if  they 
penetrate  the  collimator.  Encodermotors  or  stepping  motors 
are  both  sold  which  have  setting  errors  of  about  o  =  30  nm, 
which  should  be  sufficient.  Finer  motions  can  be  achieved 
with  peizomovers.  Guard  collimators,  located  in  front  of  the 
primary  collimator  and  slit,  should  be  cooled. 

The  camera,  shown  in  Figure  3  uses  a  Hamamatsu  V4183U 
two  stage,  gated  image  intensifier  which  has  single  photon 
sensitivity,  mechanically  in  contact  with  a  Hamamatsu  S3902 
MOS  linear  image  sensor[5].  Fiber  optic  exit  and  entrance 
windows  permit  high  resolution.  Measurements  of  single 
photons  have  shown  that  the  resolution  is  very  good,  o  *  25 
pm,  depending  somewhat  on  pulse  height.  The  radiation 
sensitivity  of  this  system  has  been  tested  and  it  should  operate 
well  in  a  100  mR/hr  envionment.  The  manufacturer  claims 
that  the  components  should  not  be  particularly  sensitive  to 
radiation  damage. 


CCD  chip  Image  intensifier 
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The  thick  foil  in  the  beam  will  be  a  source  of  background  in 
the  experiment  as  well  as  an  additional  constraint  on  the 
shielding.  In  principle,  since  the  emittance  of  the  signal  is  so 
small,  it  should  be  possible  to  produce  a  reasonable  signal 
/noise  ratio,  by  moving  detectors  downstream  to  a  more  quiet 
environment. 

HI.  COMPONENTS 

The  bremsstrahlung  radiator  will  be  thin,  0.1  mm  foils. 
Possible  materials  would  include  Ta,  W,  Pt,  U,  and  Au,  all  of 
which  are  sold  in  many  thicknesses  and  sizes  by  Goodfellow 
Corporation  [6].  Tungsten  and  tantalum  have  the  highest  heat 
of  vaporization,  which  seems  to  be  the  best  measure  of  their 
stability,  but  platinum,  uranium  or  gold  foils  could  also  be 
useful.  These  materials  would  be  locally  destroyed  rat  every 
pulse.  Energy  deposited  in  the  foil  due  to  dE/dx  losses  would 
be  on  the  order  of  0.6  mJ/pulse.  This  energy  would  be 


Figure  3.  The  camera. 

The  camera  controller  is  a  single  width  CAMAC  module 
containing  the  circuitry  for  control  and  readout  the  CCD 
camera.  Event  In,  a  NIM  level  input,  starts  the  cycle  to  read 
in  the  CCD.  The  video  signal  from  the  camera  is  buffered  to 
an  8-bit  analog  to  digital  converter  (ADC),  which  writes  its 
output  data  into  a  4K  by  8-bit  First  In  First  Out  (FIFO) 
memory.  This  memory  can  be  written  or  read  by  the 
computer  thru  the  CAMAC  dataway.  A  crystal  oscillator 
generates  a  clock  (312.S  KHz)  for  the  CCD  readout  and 
provides  two  other  frequencies,  9.8  KHz  and  76  KHz,  which 
will  be  used  for  seismic  sensing.  An  8-bit  status  register 
keeps  track  of  status  conditions  in  the  module  as  well  as  the 
condition  of  two  NIM  inputs.  The  status  register  can  also  be 
written  or  read  from  the  computer. 

The  control  computer,  a  486  clone,  uses  LabWindows[8], 
and  the  code  is  written  in  C.  It  presently  controls  8  encoder 
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motors,  the  printer  and  the  camera.  It  will  also  control  the 
seismic  correction  system  and  Ethernet  communications 
when  needed. 

The  collimators  can  be  roughly  aligned  using  transets  and 
levels  to  about  100  pm  It  is  assumed  that  the  slits  can  be 
opened  and  bremsstrahlung  signals  can  be  used  to  align  the 
system  from  this  point  For  high  precision  measurements, 
seismic  motions  at  the  50  -  ISO  nm  level  must  be  corrected. 
We  plan  to  have  a  seismic  correction  system  which  can 
compensate  these  motions,  and  have  ordered  a  Streckeisen 
STS-2  seismometer [9]  which  is  very  sensitive  in  the 
frequency  range  0.1-10  Hz.  The  measured  noise  level  of 
this  device  is  two  orders  of  magnitude  below  midcontinent 
nighttime  ambient  earth  noise.  Corrections  could  be  made 
either  on  line  with  piezomovers,  or  off  line  by  correcting  the 

(tala 


IV.  TESTS 

The  Argonne  Advanced  Photon  Source  (APS)  is  scheduled  to 
be  completed  in  1995,  and  the  electron/positron  linac  injector 
should  be  running  in  the  summer  of  1993.  Parasitic 
bremsstrahlung  from  the  positron  production  target  can 
provide  a  useful  test  of  the  proposed  system,  because  the 
electron  beam  energy  is  high  enough  to  be  detected  (200 
MeV),  and  high  enough  to  produce  a  realistic  shower 
background,  and  there  seems  to  be  space  enough  downstream 
of  the  positron  linac  to  mount  collimators,  slits  and  detectors. 

A  more  challanging  test  of  the  system  would  be  to  measure 
the  properties  of  the  o  »  60  nm  beam  spot  at  the 
SLAC/FFTB.  The  primary  collimator  would  be  located  about 
20  feet  downstream  of  the  dump  line  bending  magnets  and  28 
m  from  the  IP.  In  front  of  the  primary  single  sided  collimator 
would  be  a  guard  collimator  system,  consisting  of  two 
tungsten  or  tantalum  blocks  ground  flat  and  spaced  apart  by 
0.00025"  -  0.001"  with  shims.  The  guard  collimator  would 
serve  two  purposes:  minimizing  beam  heating  and  deflection 
of  the  primary  collimator,  and  providing  a  "black" 
background  against  which  the  beam  on  target  can  be  seen. 

This  system  should  permit  measurements  of  the  beam  profile, 
p(x,t),  at  the  final  focus,  which  might  be  used  to  study  single 
or  multibunch  beam  instabilities  driven  by  wake  fields,  and 
possible  nonlinearities  due  to  beam  optics.  The  high 
resolution  should  permit  study  of  a  variety  of  other  effects, 
such  as  the  Oide  limit,  where  the  o  «  e5^7  [1] 

The  technique  should  also  be  useful  for  plasma  lens 
experiments  where  focusing  is  inherently  nonlinear,  due  to 
inhomogenities  in  the  transverse  and  longitudinal  charge 
density,  plasma  response  time,  1/cop,  and  uneven  plasma 
ionization.  Deconvolving  beam  shape  and  beam  jitter  also 
make  single  bunch  measurements  desirable. 

V.  CONCLUSIONS 

Nonimaging  optics  should  provide  useful  information  about 
beam  shapes  at  high  energy  electron  accelerators  and 


colliders.  Bremsstrahlung  is  the  easiest  source  of  high  energy 
photons,  however  beamstrahlung  in  colliders  should  provide  a 
passive  method  of  looking  at  eve'  collisions,  and  Compton 
backsc  alters  could  be  used  to  produce  higher  energy  photons 
and  better  resolution  for  single  beam  measurements. 

We  are  building  a  system  qhich  should  make  it  possible  to 
study  the  technique  experimentally  at  the  Argonne  APS  and 
SLACFFTB. 
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Abstract 

The  electron  beam  profile  is  one  of  the  most  important 
parameters  of  a  storage  ring  accelerator.  This  paper  presented 
the  design  study  of  one  type  of  beam  profile  monitor  by  using 
synchrotron  radiation  which  was  emitted  by  the  electron 
beam.  The  beam  profile  monitor  system  needs  an  optical 
system  to  image  the  synchrotron  light  onto  a  high  resolution 
image  sensor.  The  system  is  intended  for  monitoring  100  mm 
beam  size.  Therefore,  the  aberrations  of  the  system  has  been 
studied.  Those  include  the  calculation  and  the  reduction  of 
monochromatic  and  chromatic  aberrations.  The  experimental 
setup  for  measuring  those  aberrations  in  order  to  calibrate  the 
results  of  the  beam  measurement  are  presented.  We  also 
discussed  the  synchrotron  radiation  power  consideration  for 
choosing  a  suitable  image  sensor. 

I.  INTRODUCTION 

Using  the  synchrotron  radiation  to  observed  the  electron 
beam  profile  of  a  storage  ring  is  a  nondestructive 
measurement  For  the  electron  beam  with  cross  section  around 
100pm,  the  errors  of  the  optical  system  will  affect  the  results 
of  the  measurements.  Therefore,  we  must  calibrate  the 
monochromatic  aberrations,  chromatic  aberration  and 
diffraction  errors  after  designing  the  optical  system  for  the 
measurements.  Considering  the  power  deposition  and  the 
radiation  intensity  change  range  ,  choosing  a  suitable 
photodiode  array  far  measuring  the  exact  beam  profile  is  also 
important 

H.  OPTICAL  SYSTEM  DESIGN 

The  visible  light  wavelength  range  of  synchrotron  radiation 
was  chosen  for  the  measurement  to  reduce  the  complexity  of 
the  measurement  optical  system.  As  the  synchrotron 
radiation  sweeping  from  the  bending  magnetic,  the  vertical 
natural  opening  angle  is  'PU.  2] 

where  E,  X  and  Xc  are  electron  energy,  observed  wavelength 
and  critical  wavelength  respectively.  The  sweeping  angle  6 
depends  on  the  slit  size  as  shown  in  Fig.  1  where  p  and  6s  are 
the  bending  magnetic  radius  and  the  opening  angle  made  by 
the  slit.  The  sweeping  angle  6  equals  to  6s  and  there  is  a 
error  8x  coming  from  curved  mbit 


Fig.  1  Relations  between  the  sweeping  angle  and  the  curved 
(Mbit  error. 

The  diffraction  limit  d,  related  with  the  slit  opening  angle  as 
the  following  equation. 


Increasing  the  sweeping  angle  will  decrease  the  diffraction 
limit  but  it  will  also  increase  the  depth  of  field,  hence  enlarge 
the  error  which  cranes  from  the  curved  orbit.  The  optimized 
sweeping  angle  6s  was  set  by  equating  the  diffraction  limit  d, 
and  the  curved  orbit  error  dx. 

es-2(-)3 

p 

If  p=3.245m  and  X=500nm,  the  optimized  sweeping  angle  is 
about  10.46  mrad.  The  optical  system  for  focusing 
synchrotron  radiation  is  described  as  in  Fig.  2.  The  slit 
determines  the  sweeping  angle  after  the  synchrotron  radiation 
passing  through  the  quartz  window  of  the  vacuum  chamber. 
The  filter  (500±20nm)  will  allow  a  part  of  visible 
synchrotron  radiation  passing  through  it.  The  optical  system 
was  used  to  focus  the  synchrotron  radiation  and  to  form  the 
image  on  the  horizontal  and  vertical  linear  photodiode  arrays 
by  using  a  splitter.  Before  the  synchrotron  radiation  arriving 
the  vertical  linear  photodiode  array,  another  splitter  was  used 
to  split  the  light  ray  onto  a  2-dimension  photodiode  array. 

III.  OPTICAL  SYSTEM  CALIBRATION 

As  the  electron  beam  size  is  about  100pm,  the  aberrations 
of  optical  system  must  be  considered.  Taking  the  100  pm 
beam  size,  the  theoretic  value  of  the  sum  of  the 
monochromatic  and  chromatic  aberrations  are  about  8.72 
pm.[3]  Other  errors  like  curved  orbit  error  and  diffraction  error 
will  increase  the  total  error.  Thus,  the  study  of  the  optical 
system  is  necessary.  The  calibration  method  of 
monochromatic  aberration  is  described  as  in  Fig.  3.  Because 
the  designed  wavelength  of  the  two  focusing  lenses  is  546.1 
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mn.  A  green  randomly  polarized  He-Ne  laser  was  used  as  a 
light  source.  The  chromatic  aberration  can  be  neglected  in 
this  case.  The  laser  light  after  passing  through  the  slit  which 
has  105  tun  width  was  used  to  simulate  synchrotron  radiation 
light  source  with  a  proper  opening  angle.  The  slit  B  will  be 
covered  by  the  central  light  beam  of  the  diffraction  laser  light. 
After  calculating  the  nns  of  die  simulated  light  source  size  os 
and  assuming  the  vibration  of  optical  table  is  ovibration.  we 
will  have  the  following  relation. 

r~2  2  n  2 

VOmono+OvfcralJon  =  V°me«sijred -°s 
where  omeasured  is  the  beam  profile  measured  by  linear 
photodiode  array. 

The  setup  for  the  calibration  of  the  chromatic 
aberration  is  shown  in  Fig.  4.  The  white  light  lamp  was 
located  at  the  focal  plane  in  front  of  the  lens  (f=100  mm)  in 
order  to  form  the  parallel  light  The  parallel  ray  after  passing 
through  the  105  pm  slit  will  become  the  simulated 
synchrotron  radiation  light  with  a  proper  opening  angle. 
Then,  the  chromatic  aberration  ochromatic  can  be  estimated 
by  the  following  formula : 

°  chromatic  =  measured ~ °s  _(°mono  +Ovbfatton) 


IV.  MEASUREMENTS  OF  ELECTRON  BEAM  PROFILE 


V.  PHOTON  FLUX  AND  PHOTODIODE  ARRAY 
ILLUMINATION  LIMIT 


The  synchrotron  radiation  photon  power  per  electron  per 
turn  is  Pt  W 

rpm0c2  _m_  3^ 

P  <o0 


r< 

.“T 


2  33  r(l) 


where  co=2jc/X  and  a>o>  ro>  are  the  angular  revolution 
frequency  and  the  classical  electron  radius.  Two  cases  of 
different  photon  power  on  the  photodiode  array  are  calculated 
as  in  Table  1,  where  bending  radius  p =3. 495m  and 
C0o=2nx(2498.27kHz).  The  results  take  the  transmittance  of 
optical  elements  into  account.  The  illumination  limit, 
Luxmin  will  provides  the  information  for  choosing  a  suitable 
photodiode  array 


an»y 


LuXmin  =.  „ 

4<*v<*h 

where  Parray  is  total  power  deposited  on  die  photodiode  array 
and  Oh  ,  ov  are  the  horizontal  and  the  vertical  imaged  beam 


sizes. 


VI.  CONCLUSION 


As  measuring  the  electron  beam  profile,  the  slit  B  will 
produce  a  diffraction  error  Ah >=<1  A/s  in  the  horizontal  direction 
as  in  Fig.  5. 


Fig.  5  Diffraction  error  due  to  the  slit  S. 

Calculated  the  rms  value  of  the  diffraction  error  Otfiff.  of  the 
diffraction  error,  the  electron  beam  profile  oe  can  be 
estimated  by  the  following  formula : 


Although  the  electron  beam  size  is  very  small,  the  optical 
system  should  be  capable  to  measure  the  beam  profile  exactly 
after  error  calibration.  With  different  beam  size  simulation,  we 
may  overcome  the  difficulty  that  the  vertical  beam  size  is 
smaller  then  the  resolution  limit  of  the  optical  system. 
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°a  -  y®  measured  ~  (°mooo  +  °v*>railon )  ~  °  chromatic  ~°dW. 

In  the  case  which  we  discussed  here,  the  diffraction  error  in  the 
vertical  direction  is  negligible. 


#  Supported  by  the  National  Science  Council  of 
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Beam  Current  (  mA )  * 

1  Number  of  Electron 

*2  Parray  ( W  ) 

200 

5X101 1 

1.169x10’ 3 

5  Multibunch  Mode 

1.25xl010 

2.924x10* 5 

0.67  Single  Bunch  Mode 

1.675X109 

3.91 8xl0*6 

*1  Number  of  Electron  *  Beam  Current  ( mA )  /  ( Revolution  Freq.xl.6xl0-19 ) 

*2  Parray  =  Pt  x  ( 0.8  )window  x  ( 0.6  )filter  x  ( 0.008  /  2jt  )slit  x  ( 0.993  )lenses  x  ( 0.45  )splitter  x  ( Number  of  Electrons) 


Table  1  Power  deposited  on  photodiode  arrays  for  two  different  beam  current. 
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2-D 


FhotodiodeArray  Mirror 


Fig.  2  The  schematic  drawing  of  the  whole  optical  system. 


Slit  A  Source  Plane 

Fig.  3  The  experimental  setup  for  the  calibration  of  monochromatic  aberrations. 


Light  Source 


Plane 

Fig.  4  The  experimental  setup  for  the  calibration  of  chromatic  aberration. 
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Abstract 

A  residual  gas  ionization  beam  profile  monitor  for  the 
Superconducting  Super  Collider  is  considered  in  detail  using 
the  Monte  Carlo  simulation  code.  It  is  shown  that  a  good  spatial 
resolution  could  be  obtained  using  a  combination  of  strong 
electrical  and  magnetic  fields. 


The  energy  spectrum  of  electrons  was  produced  according  to  a 
1/E2  dependence,  beginning  from  £e  =  3  eVt3l.  It  was  assumed 
that  90%  of  electrons  will  produce  a  good  image  of  the  beam, 
i.e.,  we  neglect  10%  of  all  electrons  with  recoil  energy  of  more 
than  30  eV.  The  velocity  vectors  of  the  electrons  were 
distributed  isotropically  in  space.  Finally,  electrons  were 
“collected”  at  the  Y  =  2  cm  plane. 


A  system  of  beam  profile  monitors  that  can  control  the 
beam  emittance  is  a  very  important  factor  in  the  commissioning 
and  reliable  operation  of  the  Superconducting  Super  Collider 
(SSC).  The  Conceptual  Design  of  the  SSCt'l  proposes 
flying-wire  scanners  and  synchrotron-radiation  light  monitors 
for  this  purpose.  Both  methods  have  their  own  shortcomings, 
and  some  alternatives  would  be  desirable.  A  residual  gas 
ionization  monitor  to  measure  the  collider  beam  profile  is 
discussed  below. 

The  characteristic  parameters  for  the  warm  section  and 
cold  section  of  the  collider  are  shown  in  Table  1. 

Calculations  indicate  that  the  statistics  are  high  enough  to 
expect  good  spatial  resolution  for  a  residual  gas  ionization 
monitor.  However,  systematic  effects  could  smear  the 
resolution  for  the  SSC  beam.  Electrons  produced  with  velocity 
close  to  zero  are  affected  by  beam  charge,  and  so  the  space 
information  could  be  essentially  lost.  One  can  expect  a  better 
performance  of  such  a  monitor  if  strong  external  electrical  and 
magnetic  fields  are  applied. 

A  diagram  of  the  residual  gas  ionization  monitor  using  a 
dipole  magnetic  field  is  presented  in  Figure  1.  Two 
compensating  magnets  are  used  to  compensate  for  the 
influence  of  the  magnetic  field  on  beam  dynamics.  Electrons 
are  accelerated  up  to  the  energy  of  about  30  KeV  and  are 
detected  either  by  silicon  microstrip  detectors  or  by 
microchannel  electron  multipliers  with  a  multicathode  readout. 
A  similar  detection  system  was  proposed  in  Reference  4.  One 
can  achieve  some  magnification  of  the  beam  profile  image 
using  shaped  magnetic  and  electrical  fields. 

Investigation  of  electron  collection  from  the  residual  gas 
has  been  carried  out  using  a  computer  simulation  code, 
ZBEAM.t3!  which  traces  electrons  and  ions  under  the  influence 
of  applied  electrical  and  magnetic  fields.  A  two-dimensional 
Gaussian  distribution  with  a*  =  oy = 50  pm  was  used  to  describe 
a  bunched  beam;  the  bunch  length  was  taken  to  equal  10  cm, 
and  protons  were  uniformly  distributed  in  the  Z-direction.  The 
number  of  protons  in  the  bunch  was  1010.  External  electrical 
and  magnetic  fields  directed  along  the  E-axis  (perpendicular  to 
the  beam  direction)  were  applied.  Ion-electron  pairs  are 
produced  in  space  according  to  the  proton  density  in  a  bunch. 


•Operated  by  the  Universities  Research  Association,  Inc.,  for  the  U.S. 
Department  of  Energy  under  Contract  No.  DE-AC35-89ER40486. 


Table  1. 

Parameters  for  Warm  and  Cold  Sections  of  Collider. 


Warm  Section 

Pressure  (nitrogen) 

10-9  Torr 

(1.65  X  10-15g/cm3)m 

Ionization  losses  of  MIP  in 
nitrogen 

1.82  MeV/g/cm2f2l 

Average  energy  loss  of  MIP 
to  produce  one  primary 
electron-ion  pair  in  nitrogen 

1%  eVUl 

Beam  intensity 

75  mA  (0.45  X  1018  p/s) 

Number  of  ionization  elec¬ 
trons 

0.7  X  107/cm-s 

Cold  Section 

Hydrogen  density 

3  X  108  H2/cm3 
(1.0  X  1015  g/cm3)[1] 

Ionization  losses  of  MIP  in 
hydrogen 

4.12  MeV/g/cm2!2! 

Average  energy  loss  of  MIP 
to  produce  one  primary 
electron-ion  pair  in  hydro¬ 
gen 

65  eVUl 

Beam  intensity 

75  mA  (0.45  x  1018p/s) 

Number  of  ionization  elec¬ 
trons 

2.8  x  107/cm-s 

Figure  1 .  Residual  Gas  Ionization  Beam  Profile  Monitor 
for  the  SSC. 
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Figure  2  illustrates  the  distribution  of  electrons  arriving  at 
the  detector  plane  of  the  residual  gas  ionization  monitor  for  a 
uniform  magnetic  field  of  2  T  and  external  constant  electrical 
field  of  10  kV/cm.  Simulation  data  were  taken  at  an 
X-coordinate  of  50  pm.  An  rms  spread  of  about  5  pm  was 
obtained,  and  this  satisfies  the  requirements  for  the  SSC 
emittance  monitors.  Figure  3  shows  the  rms  spread  vs. 
X-coordinate,  and  Figure  4  presents  possible  systematical 
deviations  of  the  measured  X-coordinates  from  the  true  ones  vs. 
the  X-position.  No  significant  dependence  effects  were  found 
for  the  rms  spread  or  the  deviation. 
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Figure  2.  Distribution  of  the  Coordinates  of  Electrons 
Arriving  at  Plane  Y  =  2  cm  (the  same  we  expect  at  the 
plane  of  the  detector).  Initial  X-coordinate  is  50  pm.  Two 
hundred  events  are  simulated,  and  Y  and  Z  positions  of 
ion-pair  production  are  randomized,  as  are  initial  energies 
of  electrons  and  their  directions.  The  resolution  of 
approximately  5  pm  is  achieved. 


Figure  3.  Space  Resolution  of  the  Device  vs.  Position  of 
an  Ionization  Electron. 
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Figure  4.  Deviation  of  the  Average  Positions  of  the 
Arriving  Electrons  for  Different  Starting  Positions. 
Statistical  accuracy  is  about  0.3  pm. 


Some  electron  trajectories  produced  by  the  tracing  code 
ZBEAM  are  presented  in  Figures  5-8. 
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Figure  5.  Motion  of  Zero  Velocity  Electron  Near  the 
20-TeV  Proton  Beam  in  case  of  E  =  10  kV,  B  =  1  T.  Initial 
X-position  of  the  electron  is  100  pm.  (a)  in  the  X-Z  plane; 
(b)  in  the  Y-Z  plane;  (c)  in  the  Y-Z  plane,  extended  scale. 
Coordinates  are  in  millimeters.  In  (c)  one  can  see  a  kind  of 
oscillation  of  the  electron  around  some  equilibrium  position 
defined  by  the  sum  of  the  beam  electrical  field  and  the 
external  electrical  field  applied.  A  bunch-occupied  time  is 
0.3  ns,  and  full  electron  travel  time  is  0.8  ns. 
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Figure  6.  The  same  as  in  Figure  5,  except  the  initial 
electron  position  is  300  pm.  There  are  no  oscillations. 


Results  of  the  analysis  presented  here  demonstrate  that 
even  for  the  strict  SSC  requirements,  construction  of  a  residual 
gas  ionization  beam  profile  monitor  with  good  space  resolution 
looks  feasible  with  the  use  of  a  strong  magnetic  field.  In 
practice,  a  much  lower  magnetic  field  could  be  used  with  no 
significant  degradation  of  the  results.  For  example,  in  the  utility 
region,  where  the  rms  beam  size  is  about  ISO  pm,  a  monitor 
resolution  of  20  pm  is  quite  adequate,  because  it  is  added  to  the 
measured  beam  size  in  quadrature.  Therefore,  a  0.5-T  magnetic 
field  could  be  used,  which  is  technically  more  attractive. 

For  the  immediate  future,  a  more  detailed  study  of  the 
electron  drift  process  should  be  carried  out,  a  corresponding 
read-out  system  should  be  constructed,  and  a  prototype  of  the 
residua]  gas  ionization  beam  profile  monitor  should  be  built  and 
tested. 
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Abstract 

The  Alternating  Gradient  Synchrotron  Booster  at 
Brookhaven  National  Laboratory  uses  an  ionisation 
profile  monitor  to  generate  profiles  of  proton  and 
heavy-ion  beams.  The  profile  monitor  can  acquire 
hundreds  of  profiles  during  an  acceleration  cycle,  and 
then  display  and  store  them  for  analysis.  Profiles 
appear  in  real  time  on  an  oscilloscope-type  display, 
but  other  visualisations  are  available  as  well,  namely 
mountain  range  and  emittance  displays.  File  storage 
of  profile  data  is  simple,  as  is  the  storage  of  moments 
and  emittances. 

I.  INTRODUCTION 

The  Alternating  Gradient  Synchrotron  (AGS) 
Booster  at  Brookhaven  is  both  a  proton  accumulator 
and  a  heavy  ion  accelerator.  The  heavy-ion  require¬ 
ment  of  an  ultra-high  vacuum  implies  an  ionisation 
device  with  very  high  gain.  The  AGS  Booster  uses 
an  ionisation  profile  monitor  (IPM)  composed  of  a 
microchannel  plate  and  multi-anode  readout.  A  sep¬ 
arate  paper  describes  the  profile  monitor  in  detail  [1]. 
This  report  is  essentially  a  description  of  the  user  in¬ 
terface. 

II.  THE  USER  INTERFACE 

The  IPM  can  display  profiles  in  real  time  at  any 
particular  trigger  time  during  the  cycle  or  show  statis¬ 
tics  from  the  profiles  of  a  complete  cycle,  all  at  a 
glance  and  immediately  after  the  acquisition  of  the  fi¬ 
nal  profile.  Also  useful  and  quite  striking  is  the  movie 
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mode,  in  which  a  sequence  of  profiles  appears  as  fast 
as  the  program  can  display  them.  The  apparent  time 
in  the  movie  is  about  a  thousand  times  slower  than 
real  time.  The  movie  display  also  makes  great  use 
of  the  magnet  cycle.  Correlations  of  beam  motion 
and  energy  are  clearly  visible,  since  the  magnet  cycle 
appears  in  a  contrasting  color,  with  a  moving  dot  in¬ 
dicating  the  displayed  profile’s  occurence  in  the  cycle. 

Several  figures  should  serve  to  illustrate  these 
points.  The  basic  display  in  Figure  1  shows  the  hor- 
izontal  and  vertical  profiles  of  a  typical  proton  beam 
at  72.58  ms  after  injection.  The  time  displayed  in  the 
center  between  the  two  profiles  is  the  time  during  the 
cycle,  but  injection  occurs  at  about  40  ms.,  so  this  set 
of  profiles  represents  the  beam  at  about  33  ms  into 
the  acceleration  cycle.  Below  the  graphical  display 
is  a  collection  of  numerical  data,  which  includes  inte¬ 
gration  time,  trigger  time,  statistical  moments,  raw 
amplitude  minima  and  maxima,  and  various  instru¬ 
ment  readbacks.  The  most  important  numbers  are 
the  three  moments  of  the  Gaussian  fit  to  the  profile: 
MO,  the  total  area,;  Ml,  the  centroid  in  mm.;  M2, 
the  l<r  width. 

Obviously,  we  can  not  illustrate  the  movie  display. 
However,  some  “frames”  from  a  typical  movie  can 
give  an  idea  of  the  display.  In  Figure  2,  three  sep¬ 
arate  frames  show  Au+33  profiles  and  the  magnet 
cycle.  An  extraction  bump  is  causing  the  beam  to 
move  radially  outward.  Some  qualitative  differences 
in  beam  motion  are  apparent  on  this  time  scale,  but 
synchrotron  motion  is  too  rapid  to  resolve,  even  at 
our  fastest  scan  rate. 

More  typical  for  accelerator  operators  is  a  moun¬ 
tain  range  display.  Figure  3  shows  a  typical  moun¬ 
tain  range  display,  using  proton  profiles.  Compare 
the  motion  in  this  figure  with  that  of  the  motion  in 
Figure  2. 
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Figure  1:  The  Profile  Display.  Typical  profiles  of  the  proton  beam  in  the  AGS  Booster.  On  the  left  is  the 
horisontal  profile  and  on  the  right,  the  vertical.  The  channel  spacing  is  1.4  mm  and  the  vertical  dashed  lines 
occur  every  eight  channels.  Radially  inward  is  to  the  right  in  the  horisontal  profile,  and  vertically  upward  is 
to  the  right  in  the  vertical  profile. 


Finally,  perhaps  the  most  informative  of  the  avail¬ 
able  modes  is  one  in  which  the  normalised  emittance 
appears  as  a  function  of  time  in  the  cycle.  In  con¬ 
junction  with  the  magnet  cycle  display,  studies  of 
emittance  growth  are  now  on-line  operations.  The 
definition  of  normalised  emittance  ultimately  relies 
on  the  magnet  cycle  to  determine  /9  and  7  (0  and  7 
are  the  familiar  relativistic  v/c  and  l/y'l  —  t >2/c3). 
The  specified  error  between  the  magnet  programming 
function  and  the  actual  magnetic  field  in  the  magnets 
is  on  the  order  of  5%[2]. 

III.  NULL  SUBTRACTION 

The  AGS  Booster  has  a  mode  of  operation  in  which 
four  short  cycles  of  proton  acceleration,  preceded  by 
a  cycle  with  no  beam,  define  a  larger  cycle,  known  in 
this  case  as  User  1.  User  1  provides  a  handy  way  to 
do  null  subtraction.  First,  however,  we  provide  a  de¬ 
scription  of  the  User  structure  of  the  Booster  magnet 
cycle.  There  are  up  to  four  separate  magnet  cycles 
that  are  available  during  Booster  operations.  Each 
one  is  a  User,  in  the  sense  that  it  serves  a  particu¬ 
lar  physics  or  beam  studies  user.  A  complete  set  of 
Users  make  up  a  Booster  “supercycle.”  Although  the 
number  of  Users  is  variable  from  one  to  four,  anyone 


operating  a  beam  device,  such  as  the  IPM,  only  sees 
the  display  of  the  selected  User.  The  timing  selection 
software  ignores  unwanted  Users. 

To  do  null  subtraction,  we  take  advantage  of  the 
fact  that  the  first  pulse  of  User  1  is  “empty”  in  the 
sense  that  the  magnet  cycle  is  present  but  there  is  no 
injected  beam.  This  generates  a  pulse  with  all  the 
systematic  noise  signals  of  the  actual  acceleration  cy¬ 
cle,  but  none  of  the  beam-induced  signals.  The  IPM 
display  program  uses  this  empty  pulse  to  generate 
null  levels.  Subtracting  these  null  levels  from  the 
actual  profiles  produces  extraordinarily  clean  signal 
data.  For  example,  Figure  4  shows  the  same  profile 
with  the  systematic  background  present  and  absent. 
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Figure  3:  The  Mountain  Range.  A  typical  moun 
tain  range  display  of  the  horisontal  profiles  of  the 
beam  in  Figure  2.  The  time  avis  extends  through  the 
entire  cycle. 
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Figure  2:  The  Movie.  Three  frames  from  a  movie  of 
all  the  profiles  in  a  full  acceleration  cycle.  The  display 
is  of  the  same  beam  as  in  Figure  2.  The  spacing 
between  profiles  is  about  3.5  ms. 


Figure  4:  Null  Subtraction  a.A  typical  proton  pro¬ 
file  superimposed  upon  systematic  noise.  b.The  same 
profile,  but  after  removal  of  systematic  noise  with  pre¬ 
sampled  null  values.  The  sampling  of  the  null  values 
occurs  in  an  empty  pulse,  but  at  the  same  time  in  the 
pulse  as  the  sampling  of  subsequent  profile  data. 
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Abstract 

Method  for  measurement  of  electron  beam  divergences 
and  transversal  sizes  with  visible  range  edge  radiation  (ER) 
is  discussed.  Intensity  distribution  of  the  ER  generated  by 
an  infinitely  thin  electron  beam  at  two  adjacent  bending 
magnet  edges  in  a  storage  ring  represents  a  system  of 
concentric  interference  rings.  The  real  beam,  divergences 
and  transversal  sizes  smooth  off  the  interference  pattern; 
information  on  the  extent  of  the  smoothing  off,  being 
processed  numerically,  allows  to  determine  the  above- 
mentioned  beam  parameters.  Precise  computing  technique 
of  the  ER  intensity  distribution  with  regard  to  finite  beam 
emittance  is  presented.  The  results  of  simulations 
illustrating  the  application  of  the  method  for  450  MeV 
electron  storage  ring  Siberia- 1  are  exhibited. 

I.  INTRODUCTION 

Electromagnetic  radiation  generated  by  relativistic  pro¬ 
tons  at  bending  magnet  edges  in  synchrotron  was  already 
used  for  proton  beam  diagnostics:  in  Ref.  [1]  proton  beam 
profile  was  measured  with  the  visual  range  ER,  the  same 
way  as  electron  beam  profile  is  usually  measured  with 
visible  synchrotron  radiation  (SR)  [2],  [3].  It  was  possible 
since  in  the  proton  synchrotron  the  ER  intensity  at 
A  «  Ac  (where  Ac  is  critical  SR  wavelength)  greatly 
acceded  the  intensity  of  the  standard  SR. 

It  is  proposed  to  use  edge  radiation  for  electron  beam 
diagnostics  by  other  means  in  this  paper.  It  was  shown  both 
experimentally  and  theoretically  [4]  -  [8],  that  ER  intensity 
distribution  in  electron  storage  rings  is  very  sensitive  to 
beam  divergences  and  transversal  sizes.  Calculations  of  the 
ER  characteristics  in  the  approximation  of  infinitely  thin 
electron  beam  [7],  [8]  showed  the  intrinsic  parameters  of 
the  ER  angular  distribution  at  A»  Ac  to  be  the  inverse 
reduced  energy  y ''  and  the  value  [X/(2 0]1/2,  where  l  is 
inter-magnet  distance.  The  first  parameter  results  from 
angular  distribution  of  single  bending  magnet  ER,  whereas 
the  second  one  arises  from  the  distribution  of  interfering 
radiation  generated  at  two  adjacent  bending  magnet  edges. 
If  A  belongs  to  visible  region,  these  parameters  are 
comparable  with  typical  angular  divergences  of  electron 
beam  and  the  ratios  of  beam  transversal  sizes  to  observation 
distance  in  storage  rings. 

Experimentally,  the  method  discussed  consists  in  the 
measurement  of  the  ER  intensity  distribution  in  the  area 
adjacent  to  straight  section  axis  (Fig.  1).  Monochromatic 


filter  providing  sufficiently  narrow  transparency  band 
(A At  A  *  10~2)  should  be  used,  since  the  radiation  in  wide 
spectral  region  smoothes  off  the  interference  pattern,  same 
as  beam  divergences  and  transversal  sizes  do. 

The  general  point  of  the  method  is  the  technique  for 
numerical  processing  of  the  measurement  results,  which  al¬ 
lows  to  determine  the  parameters  of  emitting  beam  from 
intensity  distribution  of  the  ER  being  registered.  This  prob¬ 
lem  consists  of  two  ones.  The  first  is  the  computation  of  the 
ER  intensity  distribution  with  due  regard  for  finite  beam 
emittance;  the  second  is  the  fitting  of  measurement  results 
over  the  beam  parameters,  to  be  based  on  successive 
solution  of  the  first  problem.  Effective  least  squares  fitting 
algorithms  are  well-known;  therefore  only  the  method  of 
computing  the  ER  intensity  distribution  in  view  of  finite 
beam  emittance  is  discussed  in  this  paper. 


II.  METHOD  OF  COMPUTATION 
The  expression  for  Fourier  component  of  electric  field 
emitted  by  single  electron  in  its  motion  along  the  trajectory 
F(r)  is  readily  obtainable  from  Fourier  transformations  of 
delayed  potentials  [9], 

j^jrLexp  M r + R/c)h  (1) 

-• 

where  0  -  —  is  relative  velocity  of  electron,  n  =  R/R, 
c  dr 

R  =  r*  -r,  R  =IRI,  r*  denotes  observation  point  position, 
a)  is  radiation  frequency;  e  is  the  charge  of  electron;  c  is 
the  speed  of  light;  i  is  unit  imaginary  number.  The  integra¬ 
tion  variable  is  time  r.  Eq.  (1)  is  valid  at  At  R  « 1. 

Let  the  origin  of  coordinates  be  set  in  the  middle  of  the 
straight  section,  y-axis  be  coincident  with  the  straight 
section  axis,  x  and  z  be  horizontal  and  vertical  ones. 

The  radiation  of  ultra-relativistic  electron  ( y  »  1)  is 
directed  forward  with  respect  to  the  particle  motion;  beam 
transversal  dimensions  are  negligible  as  compared  with 
observation  distance.  Therefore  one  can  accept  for 
transversal  coordinates  of  observation  point  (r*,z*): 
ln,l=l(x*-x)/RI«l,  l/»zl=l(z*-z)/RI«l  (x,  z  are  transversal 
coordinates  of  instantaneous  electron  position);  it  takes 
place  in  the  trajectory  region  where  the  observed  radiation 
is  generated:  l/£l«l,  l/£l«l.  In  view  of  it,  one  can  obtain 
the  following  for  the  phase  in  Eq.(l)  by  the  corresponding 
expansion  of  R  (from  here  on,  the  equilibrium  trajectory 
length  s  is  used  as  the  integrating  variable  instead  of  r). 

[  m(  t + R/c)  =  <D„  +  <D(s); 


s 

<t(s)a-y  ST1  +  \(X'2  +Z'2)ds  + 
o 


(X*  -  xf  +(z‘  -z)2 


Figure  1.  Edge  radiation  registration  scheme.  where  <D0  does  not  depend  on  s,  xf  =db\ds*f}x,  i  =djds*Pt ; 

1-  neutral  light  filters,  2-  monochromatic  filter,  3-  detector.  y*  denotes  distance  from  the  origin  of  coordinates  to  detec- 
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tor.  Eqs.  (2)  include  all  the  terms  that  may  really  contribute 
to  the  radiation  intensity  value  in  high-energy  election 
storage  rings.  It  is  worth  noting  that  in  this  approximation 
the  equilibrium  trajectory  length  is  coincident  with 
longitudinal  Cartesian  coordinate  of  electron  and  transversal 
coordinates  in  the  natural  (connected  with  the  beam)  frame 
of  reference  coincide  with  those  of  the  Cartesian  frame. 

In  the  approximation  under  consideration  linear  particle 
dynamics  is  commonly  described  by 


where  Mx(s)  and  Mz(s)  are  2x2  matrixes  defined  by  magnet 
lattice  characteristics;  x0,x^,z0,zi  are  initial  values  of 
particle  trajectory;  *.,(*)  and  **(*)  define  equilibrium 
trajectory  (supposed  to  be  plane), 

S  S 

x^(s)  *  *.*(*>  =  J x'^(s)ds,  (4) 

'0  A 


where  flj(s)  is  vertical  magnetic  field.  The  ER  intensity 
distribution  depends  on  electron  energy  [6]  -  [8],  but  within 
small  beam  chromatisity  this  dependence  is  negligible. 

In  electron  storage  rings,  if  longitudinal  bunch  length  is 
much  larger  than  the  wavelength  of  observed  SR.  the  radia¬ 
tion  emitted  by  different  electrons  is  known  to  be 
incoherent.  Spectral  photon  flux  density  of  the  radiation 
generated  by  the  total  electron  beam  may  be  represented  as 


where  /  is  electron  current,  a  is  the  fine  structure  constant; 
(r  * .  *o  •  *o  •  *o  •  zo  )|*  is  defined  by 


e2a)2 
c 4 


If  P-* 

J  y"  -  s 


i* 


exp  (id)  )ds 


(6) 


and  Eqs.  (2)  -  (4).  Integration  in  (5)  is  over  all  phase  space. 
F(x0,*J,z0.4)  *s  in>tial  particle  density  distribution  in 
phase  space;  in  a  much  used  approximation 
F(x0,xi,zt,zl)  »  (B,r,  -  A*)w(B,rt  -  Af)l/V*  x 
xexp(-r,jcJ  -  2Axx0x'0  -  B.xJ2  -  r,z£  -  2Atz0zJ  -  B,zj2).  (7) 


where  A,B,r  are  unnormalized  parameters  of  phase  ellipse. 

If  variations  of  magnetic  field  across  the  electron  beam 
dimensions  are  negligible,  then  at  Ar=A;=0  depends 
only  on  variable  compositions  (x*-jt0-y,j'0)  and  (z*-Zo-y*z'o) 
[10].  This  allows  to  simplify  Eq.(7).  Though  very  useful  for 
understanding  the  phenomena,  this  approximation  is  inap¬ 
plicable  for  ER  in  strong-focusing  synchrotrons.  Hist, 
quadrupole  lenses  deflect  particle  trajectories,  thus 
interference  conditions  for  ER  emitted  at  two  bending  mag¬ 
net  edges  are  different  for  different  particles.  Second,  the 
elements  of  beam  optics  are  the  radiation  sources  providing 
unlike  emission  conditions  at  different  x0,  x'0,  Zo,  z ’0. 

In  this  paper,  an  alternative  method  for  computing  the 
incoherent  radiation  intensity  with  regard  to  finite  beam 
emittance  is  proposed.  In  view  of  Eq.(6),  relation  (S)  may 
be  rewritten  as 


f  ^  ] 

|  aoM  f  f  dsds 

\dZd(Oj 

^  4 n2c2e  J 

'J Ty’-*)(y  -5) 

xJ(^-")(3-«^exp[i(a)-6)]/:'(x0,x;,z0,z;)4x04x;4!z0</zi,  (8) 

where  depend  on  s  ,  while  p,ii  and  Q  depend  on  s. 

Eq.(8)  means  six-fold  integration,  but  in  terms  of  Eqs.  (2), 
(3),  (5)  and  (7)  the  inner  four-fold  integration  may  be  done 
analytically,  thus  only  two-fold  integral  (over  r  and  s  ) 
should  be  computed.  This  method  is  valid  for  insertion 
devices  as  well  as  for  any  layout  of  electron  beam  optics. 

III.  COMPUTATION  RESULTS 

Computations  of  the  ER  intensity  distribution  at  differ¬ 
ent  beam  divergences  and  transversal  sizes  were  performed 
for  the  Siberia- 1  (weak  focusing)  electron  storage  ring  by 
the  method  based  on  Eq.(8).  The  following  parameters  were 
used  in  process:  ^881,  7=1 00mA,  bending  radius  r^lm, 
|r„(  dBJ  dx)IB^xm0lm0=O.5,  inter-magnet  distance  1=6 3cm; 
function  B{(s)  was  determined  according  to  measurements 
made  in  the  Institute  of  Nuclear  Physics  (Novosibirsk). 

The  computations  were  done  for  >fc=600nm.  Results  are 
given  for  the  traditional  beam  parameters  av  &„  av  &t  at 
A,=Aj=0. 

Fig.2  compares  the  ER  intensity  distribution  of  infinitely 
thin  electron  beam  with  that  of  the  beam  at  expected  cr,  o'. 
The  detector  is  offset  by  y*=572cm.  Since  ov>Oi, 
the  interference  pattern  is  more  smoothed  off  horizontally. 
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Figure  2.  ER  intensity  distributions  in  median  plane;  rj  is 
horizontal  angle  respective  to  straight  section  axis. 

1-  (0x+<Vy*)=O;  2-  (orjr+d*/y*)=0.17mrad;  3-  (<r!»+oVy*)=0.28 
mrad;  4-  (<rx+aj^y*)=0.91mrad;  5-  (<7x+0i/y*)=1.54mrad. 

The  ER  sensitivity  to  transversal  dimensions  and 
divergences  of  the  beam  is  also  clearly  illustrated  by  Fig.2. 
where  the  intensity  distributions  in  the  median  plane  at 
different  values  of  &x  and  ax  are  exhibited  (er'^O.OSmrad, 
<7^=0. 13mm  and  y*= 18 1.5cm  for  each  curve).  Since  the 
computations  performed  refer  to  the  case  of  weak-focusing 
synchrotron,  the  effective  parameters  of  the  ER  intensity 
distribution  are  the  compositions  (a‘x+ajy*)  and  (&l+ajy*) 
(similar  to  those  discussed  in  previous  chapter).  Therefore 
one  should  make  measurements  at  different  distances  y*  to 
distinguish  contributions  of  o'  and  a  (large  y*  is  preferable 
for  distinct  measurement  of  cf). 

Fig.3  shows  the  intensity  distributions  in  median  plane 
computed  at  different  y*  for  finite  beam  parameters  as  well 
as  for  infinitely  thin  beam.  The  distribution  at  larger  y*  is 
evidently  less  smoothed  off  (in  consequence  of  the  lesser 
contribution  of  transversal  size);  also,  it  is  more  symmetric. 
The  distribution  asymmetry  is  explained  by  the 
comparability  of  y*  and  inter-magnet  distance. 


Figure  3.  ER  intensity  distribution  in  median  plane  at 
oi=  1.62mm,  <7'i=0.65nuad  compared  to  one  at  trx=&x=0: 
a)  y*= 75cm;  b)  y*=572cm. 


IV.  SUMMARY 

The  effective  computing  the  edge  radiation  with  regard 
to  finite  beam  emittance  is  supposed  to  allow  the 
measurement  of  beam  divergences  and  transversal  sizes  by 
means  of  the  visible  ER  in  electron  storage  rings.  The 
method  proposed,  being  very  simple  experimentally,  may 
beneficially  supplement  the  existing  technique  of  electron 
beam  diagnostics. 

We  would  like  to  thank  Dr.  V.N.Korchuganov  (Institute 
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Abstract 

This  paper  discusses  the  various  software  used  in  the 
analysis  of  beam  viewer  images  at  CEBAF.  This  software, 
developed  at  CEBAF,  includes  a  three-dimensional 
viewscreen  calibration  code  which  takes  into  account  such 
factors  as  multiple  camera/viewscreen  rotations  and 
perspective  imaging,  and  maintaining  a  calibration  database 
for  each  unit  Additional  software  allows  single-button  beam 
spot  detection,  with  determination  of  beam  location,  width, 
and  quality,  in  less  than  three  seconds.  Software  has  also  been 
implemented  to  assist  in  the  determination  of  proper  chopper 
RF  control  parameters  from  digitized  chopper  circles, 
providing  excellent  results. 

I.  INTRODUCTION 

CEBAF  uses  phosphorous  beam  viewer  devices  for  initial 
beam  setup  and  for  visual  observations  of  beam  spot  quality. 
The  viewscreens,  made  of  a  chromium-doped  alumina 
material,  are  inserted  into  the  beamline  using  pneumatic 
plunger  devices,  with  the  resultant  image  being  captured  via  a 
Sony  vidicon  CCTV  camera,  and  displayed  in  the  control 
room  using  closed-circuit  monitors  (fig.  1).  The  video  signal 
is  also  fed  into  a  512x512  8-bit  video  frame  grabber,  which  is 
operationally  controlled  from  software. 

Some  viewscreens  at  CEBAF  are  oriented  on  the 
beamline  in  the  familiar  45  degree  angle  relative  to  the  beam 
axis,  with  the  camera  mounted  90  degrees  facing  the 
viewscreen.  The  majority  of  the  viewscreens,  however,  in 
addition  to  the  above  geometry,  are  mounted  at  a  45  degree 
angle  axially  rotated  relative  to  the  beamline,  and  the  camera 
is  similarly  rotated  45  degrees  relative  to  the  camera  axis.  The 
complex  3-dimensional  rotations  encountered  by  the  digitized 
image  due  to  these  physical  mountings,  as  well  as  pronounced 
depth-perception  effects  caused  by  the  relatively  close 
proximity  of  the  cameras,  ruled  out  the  use  of  any  of  the 
available  off-the-shelf  imaging  software  known  by  the 
authors.  It  was  therefore  required  to  develop  the  calibration 
software  in-house,  which  was  customized  for  use  with  the 
viewscreens  in  use  at  CEBAF.  This  software  allows  for 
individual  viewscreen  positional  calibration,  with  the  results 
entered  into  a  database  for  use  by  other  application  programs. 


Figure  1.  Camera  System  Diagram 
*  Supported  by  U.  S.  DOE  contract  DE-Ac05-84ER40150 


Other  imaging  software  developed  and  currently  in  use  at 
CEBAF  includes  an  automated  beam  spot  detector,  which 
when  activated  performs  a  digitization  of  the  currently 
inserted  viewscreen  and  determines  spot  centroid  position, 
spot  width,  and  spot  quality.  Another  specialized  code 
performs  analysis  of  an  image  of  the  chopping  ellipse, 
providing  steering,  amplitude  and  phase  information  directly 
applicable  to  the  chopper  controls. 

H.  CALIBRATION  SOFTWARE 

Each  viewscreen  used  at  CEBAF  consists  of  a 
phosphorous  plate  contained  in  a  stainless-steel  retaining 
fixture,  which  exposes  a  circular  area  of  phosphorous  1.125 
inch  in  diameter.  Each  viewscreen  is  precisely  CNC 
machined,  and  the  pneumatic  plunger  device  provides 
extremely  accurate  and  reproducible  placement  of  the  screen 
within  the  beampipe.  Similarly,  the  camera  mounting  on  the 
beamline  is  very  rigid,  generating  negligible  movements  in  the 
cameras.  This  quality  setup  allows  the  frame  of  the 
viewscreen  to  be  the  calibration  fudicial,  greatly  simplifying 
the  calibration  software. 

An  outline  of  the  viewscreen  frame  was  created  within  the 
calibration  software.  The  calibration  code  provides  an  outline 
which  is  overlaid  on  the  currently  digitized  viewscreen  image. 
The  outline  can  be  translated,  rotated,  and/or  adjusted  for 
perspective  imaging  by  the  attached  knob  board.  The  rotation 
matrices  used  consists  of  rotations  in  the  order  of  x,  y,  and  z, 
and  can  be  combined  to  yield: 
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Translation  is  handled  by  the  following  matrix: 

l  o  oo' 


T(T.,Tj,T,)-- 


l  o  o 
0  1  0 
Tj  T,  I 


The  cameras  are  mounted  relatively  close  to  the  beamline, 
accentuating  perspective  imaging  effects  L2.  This  is  taken 
into  account  by  the  following  perspective  matrix: 
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The  user  acquires  the  image,  which  is  automatically  displayed 
on  the  computer  screen  as  a  gray-scale  image  and  adjusts  the 
rotation  angle,  translation,  and  perspective  values  until  the 
viewscreen  outline  overlies  the  image  properly.  When  the 
user  is  satisfied  with  the  calibration,  the  save  button  is 
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activated,  saving  the  angles,  translations,  and  perspective 
values.  These  calibration  values  are  maintained  in  a  database 
file  for  each  viewscreen,  available  for  use  by  all  imaging 
codes. 

The  camera  calibration  program  also  allows  one  to  use 
the  mouse  arrow  to  point  to  a  particular  area  on  the  viewplate 
image,  displaying  the  equivalent  beam  coordinate  in 
millimeters,  using  the  pre-determined  calibrations.  An 
automated  beam  spot  detection  algorithm  is  also  available  in 
this  code  which  determines  spot  location,  width,  and  quality, 
which  is  described  in  the  next  section. 

III.  INSTAMATIC  BEAM  DETECTOR 

To  aid  in  the  analysis  of  digitized  beam  spots,  the 
INSTAMATIC  automatic  beam  detection  and  analysis  software 
was  developed  at  CEBAF^-  The  design  goal  of  this  code  was 
to  quickly  determine  beam  location  on  the  currently-inserted 
viewscreen  to  aid  in  rough  beam  tune-up  and  beam  analysis. 
With  a  single  click  of  a  button,  the  frame  grabber  captures  the 
image  and  INSTAMATIC  performs  the  spot  analysis  in  less 
than  three  seconds,  achieving  the  design  goals 

The  spot  detection  algorithm  starts  by  determining  an 
intensity  threshold  in  which  the  beam  spot  pixel  must  exceed 
in  order  to  be  considered.  The  digitized  images  exhibit 
speckle  and  slow  intensity  variations,  which  required  a 
somewhat  robust  threshold  determination.  The  threshold  is 
determined  from  pixel  values  located  around  the  outer 
perimeter  of  the  viewplate,  where  the  beam  can  never  be 
present: 

m 
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The  algorithm  now  determines  the  approximate  location  of  the 
beam  spot  within  the  digitized  grid  array.  One  cannot  simply 
seek  out  the  brightest  digitized  grid  value,  due  to  the 
aforementioned  speckle.  The  method  implemented  uses  two 
pieces  of  information  to  determine  the  location  of  the  spot; 
one  looks  at  the  intensity  of  a  given  pixel,  choosing  the  pixel 
with  the  greatest  intensity,  and  the  other  averages  the  eight 
neighboring  pixels  surrounding  the  given  pixel,  choosing 
favorably  neighbors  with  little  deviation.  The  two  are 
combined  to  yield 
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This  equation  is  performed  for  each  pixel  contained  on  the 
phosphorous  area  of  the  plate,  and  the  value  of  G  which  is 
greatest  is  chosen  as  the  spot  location.  This  detection  equation 


performs  very  well,  operates  fast,  and  was  simple  to 
implement. 

The  above  equation  locates  the  spot  in  a  general  region. 
However,  due  to  spot  variations  like  speckle,  this  usually  is 
not  the  centroid  of  the  beam.  The  centroid  pixel  location  is 
determined  by  a  center-of-mass  calculation  which  recursively 
spawns  itself  off  within  the  spot,  similar  to  a  flood-fill 
graphics  algorithm.  Additionally,  a  center-of-area 
computation  is  performed  determining  the  pixel  which  best 
lies  in  the  center  of  the  spot  outline.  The  distance  from  the 
center-of-mass  pixel  to  the  center-of-area  is  defined  as  the 
quality  factor,  with  perfect  spots  these  two  criteria  are  at  the 
same  pixel. 

IV.  GINSU  CHOPPER  CIRCLE  ANALYZER 


CEBAF  utilizes  a  chopping  system  which  consists  of  two 
identical  RF  cavities  producing  a  transverse  rotary  motion  in 
the  beam.  The  beam  is  passed  through  a  60  degree  aperture 
plate,  to  achieve  the  chopping.  The  aperture  is  removable  and 
can  be  replaced  by  a  viewscreen  to  allow  a  visual  inspection 
of  the  rotary  beam  motion. 

The  size  and  centering  of  the  chopping  ellipse  are  very 
critical.  In  the  past,  mechanical  means  were  used  for 
determining  proper  elliptical  parameters,  such  as  the  use  of 
calipers  on  the  image  produced  on  the  CCTV  monitor.  A 
more  automated  method  was  required  for  this  setup,  giving 
birth  to  the  GINSU  chopper  alignment  code**,  developed  at 
CEBAF.  This  program  uses  the  frame  grabber  to  snapshot  a 
picture  of  the  chopping  circle  and  performs  a  least-squares  fit 
to  parametric  equations  defining  the  ellipse,  determining  the 
amplitude  and  relative  phase  slip  in  the  digitized  image.  This 
information  can  be  fed  directly  into  the  RF  controls, 
performing  a  feedback  in  order  to  improve  the  ellipse. 


When  the  image  of  the  ellipse  is  acquired,  the  GINSU 
code  starts  its  analysis  by  detecting  the  ellipse  within  the 
digitized  data.  This  is  accomplished  by  sending  out  rays  at 
constant  angular  increments  from  the  calibrated  center  of  the 
viewscreen,  comparing  each  pixel  value  and  saving  the 
location  (pixel  row  and  column)  containing  the  brightest  pixel. 
This  produces  a  pair  of  x,y  locations  as  a  function  of  angle 
from  the  ray,  tracing  out  a  circle  from  0  to  360  degrees,  as  in 
figure  2. 


**•  «is-  «r 

In  In  l*J 

4  y  y 


Brightest 


Center  ef 
View 


-4ir4tT^4“  ^  “ 


■UWMMI 

■  sBklUUBBIBBk- 
J  v,  tULJlB. 'I 

■BCBUSQBaBBB 

C,,  33  IZSEEBw 

■  »■■■■ 

UB^NminB^BBB 

■  El 


air 


r 

Kaj 


A 


f  T 


Figure  2.  GINSU  Ray  Operation. 
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The  rays  are  sent  out  with  the  calibration  center  being  the 
point  of  origin.  However,  the  ellipse  may  not  be  properly 
centered  on  the  viewscreen,  which  will  result  in  vastly 
unequal  distances  between  data  points  (see  fig.  2).  From  this , 
however,  it  is  possible  to  determine  the  true  center  from  a 
center-of-mass  calculation,  taking  the  irregular  point  spacings: 

£xipt  £np<  - 
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Once  this  location  has  been  determined,  the  rays  are  sent  out 
again  using  this  new  location  as  the  center,  and  these  final 
pixel  row  and  column  locations  are  used. 

The  chopping  ellipse  is  generated  by  an  RF  cavity  which 
is  driven  in  both  the  horizontal  and  vertical  planes,  and  which 
is  described  parametrically  as: 

X  m  A  coi(2xax) 
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A  least-squares  fit  can  be  performed  on  the  digitized  image 
using  the  following  minimization  criterion: 

2 x  2 

S«  £(fl.m(fl+*)-y(0)) 

0=0 

This  expression  cannot  be  directly  minimized  due  to  the  phase 
parameter  within  the  transcendental  function.  However,  a 
solution  can  be  obtained  by  computing  S  for  various  values  of 
$  and  using  the  phase  value  which  yield  the  best  minimum, 
with  B  defined  as: 


required  to  digitize  the  image,  practically  eliminating  the 

charge  deposition  problem. 
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The  computed  values  of  B  and  <t>  can  be  directly  applied  to 
the  RF  control  system  to  improve  the  ellipse.  The  determined 
centroid  values  provide  relevant  information  about  steering 
correction.  The  fitted  amplitudes  are  within  20  percent,  and 
the  computed  phase  angle  is  usually  within  plus  or  minus  5 
degrees.  This  accuracy  generally  results  in  one  application  of 
correction  to  the  RF  system  to  obtain  a  proper  chopper  ellipse. 

During  chopper  setup  using  the  viewscreen,  it  was 
noticed  that  the  elliptical  image  would  slowly  drift  and 
radially  expand,  which  was  due  to  charge  deposition  on  the 
view  plate  from  the  beam.  This  results  in  erroneous  steering 
computations,  as  well  as  distortions  in  the  ellipse  image  with 
corresponding  errors  in  the  GINSU  phase  and  amplitude 
results.  This  problem  was  alleviated  by  triggering  the  frame 
grabber  off  of  the  beam  sync,  which  is  generated  by  the  gun 
interface  module.  The  accelerator  is  operated  in  the  single¬ 
shot  mode,  which  provides  the  minimum  amount  of  time 
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Abstract 

A  prototype  flying-wire  beam-profile  monitor  has  been 
designed,  fabricated,  and  tested  to  measure  profiles  of  high- 
current  high-duty  electron  beams.  The  device  measures  the 
beam's  horizontal  and  vertical  profiles  with  a  pair  of  thin 
carbon  filaments  mounted  on  a  wheel.  The  beam  that 
intercepts  the  filaments,  or  wires,  produces  electrons  by 
secondary  emission  in  proportion  to  the  incident  beam  current. 
The  secondary  electron  signal  is  detected  either  by  measuring 
the  charge  depletion  current  on  the  wires  or  by  measuring  the 
current  collected  on  a  pair  of  positively  biased  charge 
collectors.  A  servo  motor  is  used  to  accelerate  the  wheel  from 
rest  to  a  speed  of  25  RPS  in  less  than  half  a  revolution 
passing  the  wires  through  the  path  of  the  beam  at  a  speed  of 
-10  m/s.  The  wheel  is  then  decelerated  back  to  rest  before 
completing  one  full  revolution.  The  precise  timing 
requirements  of  this  application  led  to  the  development  of  an 
indexer  capable  of  controlling  the  servo  motor  position  with 
less  than  20  ps  of  timing  jitter. 

I.  INTRODUCTION 

A  prototype  flying-wire  beam-profile  monitor,  shown 
schematically  in  Figure  1,  has  been  developed  to  measure 
profiles  of  high-current  high-duty  electron  beams  where  the 
use  of  view  screens  or  fixed-wire  scanners  is  not  practical. 
The  system  was  designed  for  use  on  the  Average  Power  Laser 
Experiment  and  High  Powered  Oscillator  (APLE/HPO) 
electron  accelerator  under  construction  at  Boeing  Aerospace 
Corporation.  The  nominal  APLE/HPO  beam  has  an  energy 
of  -18  MeV  and  current  of  about  0.2  A  averaged  over  an 
8  ms  long  macropulse.  The  width  of  the  beam  varies  from 
1  mm  to  5  mm.  The  profile  monitor  measures  the  beam’s 
horizontal  and  vertical  profiles  using  a  pair  of  35  pm  diameter 
carbon  filaments  mounted  perpendicular  to  one  another  on  a 
wheel  that  sweeps  them  through  the  beam.  The  wheel 
diameter  is  17  cm  and  the  distance  from  the  wheel's  axis  of 
rotation  to  the  axis  of  the  beam  is  6.6  cm.  The  design 
minimizes  the  length  of  beam  line  occupied  by  the  setup. 
The  discontinuity  in  the  beam  pipe  is  kept  to  a  gap  of  -2  cm 
which  helps  reduce  the  deleterious  effects  caused  by  wake 
fields.  Due  to  the  high  power  density  of  the  beam,  is  it  is  not 
desirable  to  place  any  material,  other  than  the  wires,  in  the 
path  of  the  beam.  The  single  spoke  design  of  the  wheel 
allows  the  maximum  angular  range  to  accelerate  the  wheel 
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from  rest  to  the  operating  velocity  and  back  to  rest  before  the 
spoke  can  pass  through  the  path  of  the  beam.  The  profile  is 
determined  by  measuring  either  the  charge  depletion  current  of 
the  wires  or  the  charge  collection  current  from  a  pair 
positively  biased  charge  collectors  mounted  concentric  with 
the  beam  axis  on  either  side  of  the  wheel.  The  current  signal 
from  either  the  wires  or  collectors  is  converted  to  a 
proportional  voltage  signal  which  can  be  displayed  on  an 
oscilloscope  or  recorded  by  a  transient  digitizer. 

Bias 


flying-wire  beam-profile  monitor. 

n.  SECONDARY  EMISSION  ELECTRONS 

The  beam  profile  is  determined  by  measuring  the  secondary 
emission  electron  signal  from  the  interaction  of  the  beam  with 
the  wire.  The  secondary  electron  production  rate  for  30  MeV 
electrons  on  carbon  has  been  measured  to  be  about 
Assuming  this  rate,  the  secondary  electron  current  is  calculated 
to  be  on  the  order  of  200  |iA  for  a  35  |iir.  wire  in  the  center 
of  a  1  mm  diameter  0.2  A  beam.  Because  the  distribution  of 
the  secondary  electrons  falls  off  rapidly  with  energy,  nearly  all 
the  secondaries  can  be  attracted  to  a  nearby  collector  biased  at  a 
few  hundred  volts. 

m.  BEAM  HEATING 

Heating  of  the  wire  during  a  single  pass  through  the  beam 
is  a  major  concern  when  attempting  to  measure  the  {nofile  of 
high  average  power  electron  beams.  For  this  reason  it  is 
imperative  that  the  wire  pass  through  the  beam  quickly 
enough  to  prevent  thermonic  emission  or  breakage.  Tbe  rise 
in  temperature  of  the  wire  as  it  traverses  the  beam  is 
proportional  to; 
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ATwire  00  Abeam  dE/dx)/(Cs  Wbeam)* 

where,  Ibeam  is  the  beam  current,  dE/dx  is  the  energy  loss  of 
the  electrons  in  the  wire,  Cs  is  the  specific  heat  of  the  wire, 
Vwire  is  the  velocity  of  the  wire,  and  Wbeam  is  the  width  of 
the  beam.  This  does  not  take  into  account  any  heat  loss  due 
to  thermal  radiation  or  conductance.  Of  the  many  possible 
wire  materials,  carbon  filament  has  the  lowest  ratio  of  dE/dx 
over  Cs.  Combined  with  its  high  tensile  strength  this 
material  is  well  suited  for  use  in  flying-wire  scanners.  For  a 
1  mm  diameter,  0.2  A  beam,  the  carbon  wire  must  be  moved 
through  the  beam  at  a  speed  of  at  least  10  m/s  to  keep  the 
calculated  AT  in  the  carbon  wire  below  2000  K.  For  wire 
temperatures  above  2000  K  thermonic  emission  and  breakage 
become  a  concern. 

IV.  MECHANICAL  DESIGN 
The  primary  challenge  of  the  mechanical  design  was  to 
accelerate  the  motor  and  wheel  from  rest  to  the  required 
velocity  and  back  to  rest  in  less  then  one  revolution.  The 
acceleration  must  be  smooth  and  reproducible,  with  minimal 
timing  jitter  when  the  wire  passed  through  the  beam.  A 
Compumotor  model  KS-230  servo  motor  with  indexer 
position  control  was  chosen  for  this  system.  The  motor  was 
selected  to  provide  sufficient  torque  to  accelerate  the  motor  and 
wheel  to  a  velocity  of  25  RPS  in  less  then  half  a  revolution. 
The  ideal  velocity  profile  would  have  a  trapezoid  shape,  i.e., 
constant  acceleration  from  rest  up  to  the  desired  operating 
speed,  followed  by  a  period  of  constant  velocity  as  the  wires 
pass  through  the  beam,  and  finally  constant  deceleration  back 
to  rest.  However  the  inertia  of  the  motor  and  wheel  combined 
with  the  rapid  change  in  velocity  makes  it  difficult  to  achieve 
the  ideal  velocity  profile.  Figure  2  shows  a  plot  of  an  ideal 
velocity  profile  specified  by  the  indexer  and  an  actual  profile 
measured  by  a  tachometer  mounted  on  the  back  of  the  motor. 
There  is  considerable  overshoot  in  the  measured  velocity  due 
to  the  inability  of  the  servo  motor's  closed  loop  control 
system  to  react  fast  enough  to  keep  the  motor  on  the  specified 
velocity  profile.  However  the  traversal  time  of  the  wire 
through  the  beam  is  less  then  1  ms.  Therefore  the  velocity 
can  be  considered  constant  during  the  measurement.  The 
motor  speed  is  recorded  along  with  the  signal  data  in  order  to 
determine  the  wire's  velocity  at  the  time  of  the  measurement. 

For  the  best  performance  the  wheel  must  be  both  stiff  and 
light  weight  Of  the  several  materials;  aluminum,  G-10 
fiberglass  epoxy,  and  VESPEL  (a  polyimide)  that  were  tried, 
1.6  mm-thick  G-10  was  found  to  best.  Because  the  one- 
spoke  wheel  tends  to  distort  a  small  amount  during 
acceleration  and  deceleration,  it  is  not  possible  to  rigidly 
attach  the  wires  to  the  wheel.  Instead  one  end  of  each  wire  is 
attached  to  the  wheel  with  a  small  spring  which  helps 
maintain  a  constant  wire  tension.  Using  the  spring 
attachment  the  wires  are  able  to  survive  over  10,000  cycles  at 
a  peak  wheel  speed  of  25  RPS.  The  electrical  contacts  to  the 
wires  were  routed  through  a  hole  in  the  shaft  of  the  fenofluidic 
feedthrough  between  the  wheel  in  vacuum  and  the  motor  in 
air,  and  potted  to  maintain  the  vacuum  seal.  A  short  length  of 
wire  was  left  on  the  motor  end  of  the  fenofluidic  feedthrough 
to  take  up  the  slack  as  the  motor  rotated  back  and  forth.  Two 
small  rings  were  mounted  on  either  side  of  the  wire-beam 
intersection  point  to  act  as  the  charge  collectors.  The 


collector  rings  were  connected  in  series  to  a  vacuum 
feedthrough  to  an  external  connector. 


Time  (ms) 

Figure  2.  Specified  and  measured  velocity  profiles, 

(solid  and  dashed  curves  respectively). 

V.  ELECTRONICS 

The  servo  motor  is  controlled  by  a  prototype  VME  indexer, 
designed  and  built  at  LANL.^l  This  indexer  was  designed  to 
replace  commercially  available  indexers  that  tend  to  have 
timing  jitter  of  up  to  a  few  ms  due  to  the  cycle  time  of  their 
onboard  microprocessors  which  must  be  interrupted  to  begin 
the  control  sequence.  The  LANL  indexer  has  no  onboard 
microprocessor.  Instead  the  indexer  has  only  memory  which 
is  loaded  ahead  of  time  with  a  bit  pattern  corresponding  to  the 
motor  step  sequence.  Upon  receipt  of  a  trigger  the  bit  pattern 
is  immediately  read  out  at  a  constant  rate  determined  by  a 
clock  frequency.  Using  this  indexer,  the  jitter  between  the 
trigger  and  the  time  the  wheel  rotates  half  a  revolution, 
passing  one  of  the  wires  through  the  beam  center  at  a  wheel 
speed  of  25  RPS,  was  measured  to  be  20  ps  with  respect  to 
the  external  trigger. 

A  set  of  transimpedance  amplifiers  were  designed  and 
fabricated  to  convert  the  small  secondary  electron  current  to  a 
voltage  signal  with  a  gain  20,000  volts  per  ampere.  The 
transimpedance  amplifiers  could  also  isolate  the  input  and 
apply  either  a  positive  or  negative  bias  of  up  to  300  V. 

VI.  BEAM  TESTS 

The  system  was  tested  using  the  electron  beam  provided  by 
the  APLE  Prototype  Experiment  (APEX)  electron  accelerator 
at  LANL.  [31  The  APEX  beam  is  a  low-duty  20  to  40  MeV 
electron  beam  with  a  typical  beam  current  of  10  to  50  mA 
over  a  5  to  20  ps  long  macro  pulse.  The  beam  at  the  flying 
wire  station  was  typically  2  to  4  mm  in  width.  The  short 
macro  pulse  length  of  the  APEX  electron  beam  ruled  out  the 
possibility  of  operating  the  system  in  the  flying-wire  mode. 
However  the  short  macro  pulse  allowed  the  wires  to  be  placed 
directly  in  the  path  of  the  beam  without  being  overheated. 
The  first  goal  of  the  APEX  beam  tests  was  to  determine  the 
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best  means  of  detecting  the  secondary  electron  signal  from  the 
beam  and  wire  interaction.  The  secondary  electron  signal 
measured  from  the  charge  depletion  current  on  the  wires  had  a 
typical  signal  to  noise  ratio  of  less  then  10.  The  poor  signal 
to  noise  ratio  of  the  wires  is  attributed  to  the  ~lk  Q 
resistance  of  the  carbon  wires  which  makes  them  good 
antennas  fra'  picking  up  noise.  Applying  a  negative  bias 
potential  of  a  few  hundred  volts  did  not  have  any  measurable 
effect  the  wire's  signal  to  noise  ratio.  The  signal  to  noise 
ratio  of  the  charge  collector  was  found  to  be  almost  an  order  of 
magnitude  better  then  the  wire's.  However  the  charge 
collectors  had  a  background  level  of  about  10%.  The  source 
of  the  background  is  not  completely  understood  but  is  believed 
to  be  due  to  secondary  electrons  produced  by  the  interaction  of 
the  beam  halo  with  the  walls  of  the  beam  pipe.  The 
background  subtracted  signal  from  the  collectors  was 
comparable  to  the  signal  measured  from  the  wires,  indicating 
that  the  collection  efficiency  was  near  100%.  The  signal 
measured  from  the  wires  and  collectors  was  consistent  with  a 
secondary  emission  rate  of  about  1%  per  incident  electron. 

The  second  goal  of  the  APEX  beam  tests  was  to  see  how 
well  the  secondary  electron  signal  from  the  wires  could 
determine  the  beam  profile.  Because  the  macro  pulse  was  too 
short  to  operate  the  system  in  the  flying-wire  mode,  the  wires 
were  slowly  stepped  through  the  beam  between  macro  pulses 
to  map  out  the  beam  profile  averaged  over  a  number  of  macro 
pulses.  An  optical  transition  radiation  (OTR)  screen  and  video 
camera  system  was  mounted  28  cm  upstream  of  the  flying 
wire  setup  to  allow  comparison  between  the  flying-wire  and 
video  profile  measurements.  Figures  3  and  4  show  OTR 
screen  vs  flying-wire  profile  measurements  made  in  the  same 
plane  of  two  different  width  beams.  The  flying-wire  profile 
measurements  were  made  using  the  charge  collection  rings 
with  the  background  subtracted.  The  width  of  the  OTR  profile 
has  been  normalized  to  match  the  width  of  the  flying-wire 
profile  to  account  for  the  expansion  of  the  beam  over  the  drift 


X  (mm) 

Figure  3.  Wide  beam  profile  measured  by  the  flying  wire 
(dots)  compared  to  the  profile  measured  by  the  OTR  screen 
(solid  curve). 


X  (mm) 

Figure  4.  Narrow  beam  profile  measured  by  the  flying  wire 
(dots)  compared  to  the  profile  measured  by  the  OTR  screen 
(solid  curve). 

between  the  OTR  screen  and  the  flying-wire.  The  amplitude 
of  both  profiles  has  also  been  normalized  to  one,  and  both 
peaks  have  been  centered  at  the  origin.  The  flying-wire  profile 
measurements  show  agreement  with  the  normalized  OTR 
profiles. 

VII.  CONCLUSIONS 

The  prototype  flying-wire  system  performed  well  during 
bench  tests  of  the  mechanical  assembly.  The  system  was 
found  to  be  capable  of  accelerating  the  wheel  up  to  the  required 
speed  with  very  little  timing  jitter.  The  prototype  flying-wire 
also  performed  well  during  beam  tests.  The  beam  tests 
indicated  that  the  charge  collectors  had  a  significantly  higher 
signal  to  noise  ratio  and  were  therefore  the  best  method  of 
detecting  the  secondary  electron  current  signal  from  the  beam 
and  wire  interaction.  The  use  of  charge  collectors  greatly 
simplify  the  setup  by  eliminating  the  electrical  connections  to 
the  wires  mounted  on  the  rapidly  moving  wheel. 
Measurement  of  a  beam  profile,  using  the  charge  collectors, 
was  in  agreement  with  beam  profiles  observed  on  a  near  by 
OTR  screen.  Further  refinements  are  being  incorporated  into 
the  second  generation  system  that  will  be  put  into  service  on 
the  APLE/HPO  beam  line  for  a  fully  integrated  test  of  the 
mechanical  assembly,  electronics,  and  control  system.  This 
system  can  be  readily  adapted  to  measure  the  profile  of  almost 
any  charge  particle  beam  providing  its  macro  pulse  length  is 
sufficiently  long  for  the  wires  to  scan  it.  and  its  current 
density  is  low  enough  to  not  overheat  the  wires. 

VIII.  REFERENCES 

[1]  R.  Chehab  et  al„  IEEE  Transactions  on  Nuclear  Science, 
Vol  NS-32  No.  5,  p  1953  (1985). 

[2]  C.  M.  Fortgang,  Los  Alamos  National  Laboratory,  LA- 
CP-90-466  (1990). 

[3]  P.  G.  O’Shea  et  al.,  NIM  A318,  52  (1992). 


2482 


Emittance  Measurement  and  Data  Analysis  for  the  SSC  Linac  Injector  Lab 

J.E.  Hubert,  P.  Datte,  F.W.  Guy,  N.C.  Okay,  K.  Saadatmand,  J.  Sage,  D.M.  Wetherholt,  W.A.  Whittenberg 

Superconducting  Super  Collider  Laboratory* 

2550  Beckleymeade  Avenue,  Suite  125 
Dallas,  TX  75237-3997 


Abstract 

The  Superconducting  Super  Collider  (SSC)  ion 
source/LEBT  produces  and  focuses  a  35  keV  30  mA  H 
beam  into  the  RFQ.  The  beam  emittance  and  its 

other  characteristics,  are  measured  using  a  slit  and  collector 
diagnostic  system.  The  resultant  data  is  analyzed  by  two 
separate  applications.  Both  the  hardware  and  software 
involved  will  be  discussed.  Result  examples  will  be 
presented. 

I.  Introduction 


Figure  1  Downstream  view  of  the  SSC  slit  and  collector 

In  the  SSC  Linac  Injector  Lab,  a  slit  and  collector 
diagnostic  system  is  used  to  measure  the  transverse  emittance 
of  the  H  beam  at  the  output  of  the  ion  source,  LEBT,  and 
RFQ'.  The  beam  conditions  are  quite  diverse,  depending  on 
which  system  is  being  evaluated. 

This  paper  will  discuss  the  system  hardware,  the 
software  used  to  control  the  hardware  and  make  the 
measurements,  and  the  software  used  to  analyze  the  data. 
Finally,  the  performance  of  the  system  will  be  discussed  with 
particular  interest  on  certain  techniques  and  algorithms  which 
have  significantly  extended  the  limitations  of  the  system. 

II.  Hardware 

Slits 

The  slits  used  in  this  system  were  designed  for  use  in 
a  low  energy  (35  keV),  highly  divergent  beam.  The  knife 
edges  have  a  flat  specified  as  0.001"  ±  0.0005".  This  allows 
very  narrow  gaps  with  very  high  angular  acceptance. 

Note  in  figure  1  that  the  slit  design  allows  for 
longitudinal  positioning.  Note  also  that  the  beveled  sides  of 
the  knife  edges  are  opposite  the  beam  incident  surface.  This 
is  practical  since  thermal  loading  is  not  a  concern  at  the 
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intended  beam  energy.  These  features  allow  the  incident 
edges  of  the  slit  (the  plane  of  measurement)  to  be  positioned 
directly  in  the  plane  of  interest  This  is  of  particular 
significance  at  low  energies  where  emittance  growth  due  to 
space  charge  is  most  significant 

A  final  feature  of  the  slit  design  is  its  ability  to  serve  as 
a  faraday  cup.  The  slits  are  electrically  isolated  from  the 
vacuum  vessel  by  an  insulating  bracket.  The  slits  are  biased 
in  the  normal  way,  and  the  output  is  measured  on  an 
oscilloscope.  Comparisons  of  this  system  to  the  solid 
faraday  cup  used  previously  have  shown  no  measurable 
difference.  This  feature  eliminates  the  need  for  an  additional 
device  in  the  beamline,  and  the  associated  hardware  risks. 

Collectors 

The  collectors  are  48  channel  devices,  and  were  built  at 
Los  Alamos  National  Laboratory.  Each  channel  consists  of 
an  0.008"  foil  of  copper,  laminated  with  a  0.002"  layer  of 
insulating  film.  The  signal  produced  on  each  channel  is 
preamplified  and  fed  into  an  11  bit  ADC. 

III.  Software 

Measurement  and  Motion  Control 

The  application  used  to  control  the  slit  and  collector 
motion,  and  measure  the  beam,  is  named  Emit.  It  was 
written  in-house  using  TACL  (Thaumaturgic  Automated 
Control  Logic),  which  was  developed  at  CEBAF. 

During  an  emittance  scan,  the  position  of  the  slit  (slit[i]) 
defines  the  X-axis  coordinate  of  phase  space,  while  the 
position  of  the  collector  (coll[ij)  defines  the  X’-axis 
coordinate  of  each  channel  (or  wire)  of  the  collector.  This 
gives  rise  to  a  finite  plane  of  phase  space  covered  by  any 
given  system.  The  X-axis  limits  are  defined  by  the  limits  of 
travel  of  the  slit  The  limits  of  the  X’-axis,  however,  are 


CASE  I 

Divergent  Bearn 


CASE  II 

Convergent  Beam 


CASE  III 
Parallel  Beam 


CASE  IV 

Walet  (Focal  Point) 


Figure  2  Examples  of  phase  space  ellipse  orientations 
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defined  by  the  angular  acceptance  of  the  slit,  or  the  limits  of 
travel  of  the  collector,  whichever  is  least. 

Figure  2  shows  four  possible  phase  space  ellipse 
orientations.  Each  case  requires  a  different  motion  of  the 
collector,  relative  to  the  slit,  to  sweep  out  that  region  of  the 
plane. 

Consider  case  I,  a  divergent  beam.  When  the  slit  is  at 
the  first  edge  of  the  beam,  the  angular  distribution  of  the 
ellipse  is  at  a  positive  angle.  At  this  ~oint,  the  collector 
must  be  at  a  more  positive  position  than  the  slit.  When  the 
slit  has  passed  through  the  beam  to  the  opposite  edge,  the 
angular  distribution  is  at  a  negative  angle,  with  the  collector 
at  a  more  negative  position  than  the  slit 

For  this  reason,  the  collector  must  traverse  a  greater 
distance  than  the  slit.  The  algorithm  used  in  this  system, 
similar  to  that  used  by  Los  Alamos  National  Laboratory2, 
defines  the  motion  of  the  collector  as  a  factor  times  the  slit 
motion  (or  distance  traversed).  This  factor  is  specified  by 
the  experimenter  as  the  ratio  of  collector-to-slit  motion,  or 
simply  the  ratio. 

In  addition  to  the  ratio  (rat),  the  experimenter  specifies 
a  slit  offset  (s_off),  a  collector  offset  (c_off),  a  step  size 
(step_sz),  and  the  total  number  of  steps  (steps)  the  system  is 
to  make.  From  these  parameters,  the  slit  and  collector 
motion  is  defined  as  follows: 

slit[0]  =  s_off  +  (step_sz*steps)/2 
coll[0]  =  c_off  +  rat*(step_sz*steps)/2 

For  i  =  1  through  steps 

slit[i]  =  slit[i-l]  +  step_sz 
coll[i]  =  coll[i-l]  +  rat*step_sz 

Notice  that  the  motion  of  the  slit  and  collector  will 
sweep  out  a  parallelogram  in  phase  space  centered  about  the 
slit  and  collector  offsets.  The  ratio  specified  by  the 
experimenter  will  determine  the  slope  of  the  parallelogram. 
In  case  I  the  ratio  would  be  positive.  In  case  n,  a 
convergent  beam,  the  ratio  would  be  negative.  Case  III 
would  require  a  ratio  of  unity,  and  case  IV  is  a  special  case 
which  will  be  addressed  later. 

At  each  step,  the  system  samples  the  beam  for  a  time 
duration  (gate),  typically  a  few  hundred  nanoseconds, 
beginning  at  a  specified  time  (delay).  Both  the  gate  duration 
and  delay  are  specified  by  the  experimenter.  During  this 
time,  the  signal  from  each  channel  will  result  in  a  digital 
count  from  1  to  2048  in  the  associated  ADC.  These  counts 
represent  relative  intensities  which  produce  the  angular 
distribution  that  makes  up  A0  (any  vertical  slice  of  the 
ellipse).  The  X’  coordinate  of  each  channel  is  calculated  as 
follows: 

For  j  =  0  through  47 

wire(j]  = 

Tan  ‘{((coIl[i]  -  slitfi])  +  ((24  -  i)*wire_sz))/drift_ln] 

where  wire_sz  is  the  thickness  of  each  channel,  and  drift Jn 
is  the  drift  length  between  the  slit  and  collector. 

Data  Analysis 

The  measured  data  is  initially  analyzed  with  Emit. 


These  analyses  are  printed  as  a  color  contour  plot  where  the 
relative  intensities  are  color  coded  through  six  (6)  standard 
deviations.  The  associated  numeric  data  are  included  on  this 
plot. 


Figure  3  Plot  of  phase  space  data  measured  at  the  ion 
source  (background  subtracted). 

The  resultant  data  is  then  stored  in  a  database  from  which 
it  is  extracted  for  further  analysis  off-line.  This  second 
analysis  is  performed  with  REANE  analysis  code,  which  was 
developed  at,  and  provided  by,  Los  Alamos  National 
Laboratory.  REANE  provides  the  ability  to  plot  the  data  as 
a  set  of  six  (6)  contours  corresponding  to  six  (6)  standard 
deviations,  or  as  a  set  of  percentiles  of  the  total  beam  (see 
figure  3).  The  numeric  data  for  REANE  analyses  are 
tabulated  on  a  second  printout. 

Since  background  subtraction  can’t  eliminate  all  extraneous 
signals  from  the  data,  REANE  also  allows  the  analyst  to  cut 
out  the  beam.  Figure  3  shows  an  example  of  a  raw  data  File 
after  background  subtraction,  while  figure  4  shows  the  same 
file  after  cutting. 


Figure  4  Plot  of  phase  space  data  measured  at  the  ion 
source  (after  cutting) 
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IV.  System  Performance 


Ion  Source  Beam 

Figures  3  and  4  are  plots  of  a  phase  space 
measurement  made  at  the  ion  source.  In  this  case  an 
extraneous  ellipse  appeared  due  to  neutral  particles.  The 
collector  channel  amplifiers  are  biased  negatively.  As  a 
result,  secondary  electrons  generated  by  H°  particles  produce 
a  measurable  signal  which  must  be  dealt  with.  A  positive 
bias  may  eliminate  the  unwanted  signals,  but  it  would  also 
adversely  affect  the  resolution  of  the  H‘  signals  since 
recaptured  electrons  would  not  necessarily  return  to  the 
channel  of  their  origin. 

As  seen  in  figures  3  and  4,  this  is  not  a  significant 
problem  in  the  vertical  plane.  The  H  beam  is  deflected 
upwards  slightly  by  the  electron  spectrometer.  In  the 
horizontal  plane,  however,  both  the  H  and  H°  beams  occupy 
the  same  phase  space.  To  measure  the  horizontal  axis  of  the 
ion  source  beam,  a  pair  of  electrostatic  deflection  plates  were 
installed.  With  the  plates  grounded,  the  superimposed  beams 
were  measured.  A  second  scan  was  made  with  ±3.5  kV  on 
the  deflection  plates.  The  H°  particles  were  then  measured, 
unperturbed  by  the  E  field,  with  all  measurement  parameters 
held  constant.  The  H°  data  was  then  subtracted  from  the 
superimposed  data,  leaving  only  the  H  data  as  the  difference. 
As  a  check,  the  deflected  H  beam  was  also  measured.  The 
integrated  sum  of  the  separated  H°  and  H  data  was  within 
-5  %  of  the  superimposed  beam. 


LEBT  Beam 


Refer  back  to  figure  2.  Note  that  case  IV  shows  the 
waist  of  the  beam  as  the  measurement  plane.  Since  the  area 
of  the  ellipse  is  the  emittance,  a  conserved  quantity,  and  is 
approximately 


E  -  X„X’ 


'ekipe**  envelope 


the  X’  envelope  must  increase  as  the  beam  diameter 
decreases. 
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Figure  5  Plot  of  phase  space  data  measured  from  the 
LEBT 


impossible  to  capture  the  beam  in  a  single  scan.  Instead,  a 
series  of  scans,  as  many  as  seven  (7),  were  required  to 
capture  the  entire  beam.  Each  scan  was  made  with  a  ratio 
of  collector  to  slit  motion  of  unity,  but  at  different  collector 
offsets  leaving  only  a  small  overlap  between  scans. 

Analysis  of  the  resultant  data  was  accomplished  via  a 
program  written  to  combine  the  separate  scans  into  a  single 
data  file.  This  utility  currently  allows  a  single  degree  of 
freedom,  the  collector  offset,  requiring  all  other  parameters 
be  held  constant  from  scan  to  scan.  In  the  future,  this  utility 
will  be  modified  to  allow  a  second  degree  of  freedom,  the 
slit  offset. 

Figure  5  shows  a  typical  phase  space  plot  of  the  LEBT 
beam.  Once  the  beam  is  cut  with  REANE  analysis  code, 
the  seams  become  all  but  indiscernible. 


Figure  6  Sample  emittance  plot  of  beam  out  of  RFQ 


Measuring  the  RFQ  beam  posed  a  single  challenge.  The 
beam  energy  at  the  output  of  the  RFQ  is  2.5  MeV.  To 
accommodate  the  thermal  loading,  new  graphite  plates  for  the 
slits  were  built.  The  knife  edge  flats  were  increased  to 
0.040"  and  the  beveled  faces  were  turned  toward  the  beam. 
The  rep-rate  of  the  beam  was  reduced  from  10  Hz  to  5  Hz, 
and  the  current  measuring  capabilities  of  the  slits  were 
sacrificed  in  lieu  of  a  thermally  conductive  path  to  the 
vacuum  vessel. 

Studies  of  the  RFQ  beam  are  ongoing,  and  the  modified 
slit  and  collector  system  is  performing  exceptionally.  Figure 
6  is  a  typical  emittance  plot  measured  at  the  output  of  the 
RFQ. 
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Measuring  the  beam  out  of  the  LEBT  was  such  a  case. 
The  focal  point  was  the  plane  of  interest,  which  is  in  fact  a 
beam  waist.  The  magnitude  of  the  X’  envelope  made  it 
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Automatic  Emittance  Measurement  At  The  ATF  * 
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Abstract  For  n  measurements  (n  >  3), 2  the  Eq.  (4)  can  be 

An  automatic  emittance  measurement  system  to  char-  expressed , 
acterize  the  transverse  emittance  of  the  electron  beam  EM  =  AY,® .  (5) 

produced  by  the  BNL  photocathode  electron  gun  is  de-  w{jere 
scribed.  The  system  utilize  a  VAX  workstation  and  a 
Spiricon  beam  analyzer.  A  operator  window  (  created 
through  the  Vista  control  software  package)  controls  the  = 

emittance  measurement  system  and  the  graphic  presenta¬ 
tion  of  the  results.  Quadrupole  variation  method  is  used 
for  the  ATF  automatic  emittance  measurement  system.  A  and 
simple  emittance  formula  was  derived  to  study  the  perfor¬ 
mance  of  the  quadrupole  variation  method,  and  compared  /i2u(l)  2Rn(l)Rl2(l)  Rn(l) 

with  the  ATF  experimental  data  is  also  presented.  A  =  I 

I.  VARIABLE  QUADRUPOLE  METHOD  V«h(")  2 Rn(n)R12(n)  R\2(n ) 


The  experimental  program  at  the  Brookhaven  Na¬ 
tional  Laboratory  Accelerator  Test  Facility  (ATF)  requires 
rapid  and  accurate  characterizing  the  electron  beam  pro¬ 
duced  by  the  ATF  photocathode  RF  gun.  An  automatic 
emittance  measurement  system  was  developed  at  ATF  to 
characterization  of  the  electron  beam  transverse  emittance 
at  both  50  MeV  and  4.5  MeV. 

Using  TRANSPORT  notation,  a  2-dimension  trans¬ 
verse  phase  space  of  the  uncoupled  particle  beam  is  de¬ 
scribed  by  the  beam  matrix  a, 


where  <712  =  <r2i ,  and  <r  is  a  positive  definite  matrix.  The 
one-<r  geometric  emittance  is, 


Using  the  linear  least  squares  fitting  method,  the  solution 
of  the  beam  matrix  is, 

=  {ATA)~l  AtYm.  (6) 

II.  ERROR  ANALYSIS 

Eq.  (6)  shows  that  the  calculation  of  the  beam  matrix 
in  the  variable  quadrupole  method  is  fairly  straight  for¬ 
ward,  it  involves  only  matrix  inversion  and  multiplication. 
We  will  study  the  possible  sources  which  may  affect  the 
emittance  obtained  using  the  variable  quadrupole  method. 
Error  caused  by  the  resolution  of  the  beam  width 
measurement.  For  a  Gaussian  approximation  of  the 
beam  width,  the  measured  beam  width  crm  can  be  ex¬ 
pressed,  3 

=  °r  +<r,2yj.  (7) 


{  =  (o’no'22  —  <^12)  ^  •  (2) 

It  can  be  seen  from  Eq.  (2)  that  the  emittance  mea¬ 
surement  usually  involves  determining  three  parameters. 
Several  techniques  1  have  been  widely  used  to  measure  the 
transverse  emittance.  The  variable  quadrupole  method  is 
one  of  them.  It  obtains  the  emittance  by  measuring  beam 
sizes  while  varying  an  up-stream  quadrupole  magnet.  The 
measured  beam  sizes  (\/<rf {)  are  connected  to  the  beam 
matrix  at  the  quadruple  through  the  transfer  matrix  R, 


and 

+  2RnRi2<^^  +  ^i2<722-  (4) 

where  erf?  are  elements  of  the  beam  matrix  at  the 

quadrupole. _ 

*  Work  supported  by  U  S.  DOE. 


where  err  is  the  ideal  beam  width  while  er,y,  is  the 
system  error  of  the  beam  width  which  includes  optics  and 
electronic  errors.  Then  the  measured  emittance  using  the 
variable  quadrupole  method  is: 


The  above  equation  shows  that  the  emittance  error  can 
be  reduced  either  by  decreasing  the  systematic  error  er,ya, 
or  increasing  the  the  R12,  which  is  the  drift  distance  after 
the  quadrupole  for  a  simple  variable  quadrupole  method. 
Error  contributed  by  the  transfer  matrix.  To  sim¬ 
plify  the  calculation,  the  thin  lens  approximation  will  be 
used  for  the  quadrupole.  Then  the  transfer  matrix  R  for 
the  focusing  plane  is: 


0-7803-1 203-  1/93S03.00© 1993  IEEE 


2486 


where  /  is  the  focal  length  of  the  quadrupole,  and  L  is  the 
drift  distance  between  the  exit  of  the  quadrupole  and  the 
screen  of  the  beam  profile  monitor. 

Considering  only  three  different  quadrupole  settings, 
Eq.  (5)  can  be  rewritten, 


L > 

fu 

)Vt  +  2 

1  ~  Jl)  ^  +  l2<T”  =  6l 

£ 

hj 

)Vi  +  2 x( 

1  -  *12  +  i2<T22  =  62 

£ 

hi 

) 2 +  2L  ( 

1-|)-?2  +  ^2  =  63. 

where  6;  are  squares  of  the  measured  beam  sizes.  Subtract¬ 
ing  the  third  equation  from  the  first  and  second  equations 
eliminates  the  coefficients  of  <722  from  those  two  equations. 
The  above  equations  can  be  written  in  matrix  form  Aa  — 
B,  where  <rT  =  (<rn,<r12,<r22). =  (61  ~  63,62  -  63,63), 
and, 


Inverting  the  matrix  A,  the  beam  matrix  ffij  can 
be  found  by  the  matrix  multiplication.  The  general 
expression  is  long  and  tedious.  But  If  we  choose  three 
special  points  such  that  fx  =  /3  —  A/,  /2  =  fa  +  A/,  and 
bi  —  63  =  62  —  63  =  A6,  then  the  emittance  can  be  obtained 

by, 


where  «rmjn  =  y/E^.  In  choosing  three  points  satisfy  above 
condition,  63  is  the  minimum  spot  size  when  scanning  the 
quadrupole.  Eq.  (10)  shows  that, 

1.  The  measured  emittance  is  linearly  propor¬ 
tional  to  the  measured  minimum  spot  size. 

Fig.  1  was  generated  by  changing  only  the 
minimum  spot  size  using  experimental  data 
from  ATF  (courtesy  of  D.P.  Russell).  It 
agrees  with  the  prediction  of  Eq.  (10). 

2.  Eq.  (10)  shows  the  measured  emittance  also 
strongly  depends  on  the  focal  lengths  of  the 
quadrupole.  This  dependency  will  affect 
mainly  the  accuracy  of  the  measurement  in 
the  low  energy  situation.  Our  experience 
showed  that  the  residual  field  of  the  magnet 
could  also  affect  the  experiment  result. 

3.  Eq.  (10)  shows  that  the  space  charge  could 
make  the  measured  emittance  smaller  since 
stronger  quadrupole  (shorter  focal  length) 
will  be  used  to  compensate  the  defocusing 
force  of  the  space  charge. 


Chromatic  effect.  The  chromatic  effect 
will  also  contribute  to  the  error  in  the  emit¬ 
tance  analysis.  Following  simple  formula  4 
can  be  used  to  estimate  the  chromatic  effect: 


where  6p/p  is  the  relative  momentum  spread. 
It  can  be  seen  from  Eq.  (11)  that  the  chro¬ 
matic  effect  will  be  smaller  if  a  weaker 
quadrupole  is  used. 


Minimum  Spot  Size  [mm] 

Figure  1:  The  relation  between  the  emittance  and  mini¬ 
mum  spot  size. 


III.  THE  ATF  AUTOMATIC 
EMITTANCE  MEASUREMENT  SYSTEM 

The  variable  quadrupole  method  was  used  for  the 
ATF  automatic  emittance  measurement  system  because  its 
simplicity  and  versatility.  The  ATF  automatic  emittance 
measurement  system  is  part  of  the  ATF  computer  control 
complex.  It  is  not  only  capable  of  processing  the  data  and 
compute  the  emittance,  but  also  monitor  both  the  laser 
and  electron  beams. 

Fig.  2  shows  a  schematic  representation  of  the  ATF 
emittance  measurement  system.  The  ATF  control  sys¬ 
tem  was  built  around  a  VAX  4200  computer,  which  is 
connected  CAMAC  data  acquisition  hardware  by  serial 
highway.  The  Spiricon  beam  analyzer  was  connected  to 
the  VAX  through  a  standard  IEEE  488  interface  card. 
Spiricon  beam  analyzer  was  designed  for  laser  beam  appli¬ 
cations,  it  can  also  be  used  to  process  the  electron  beam 
images  from  the  beam  profile  monitor(BPM).  The  ATF 
BPM5  has  a  resolution  of  40  pm.  The  Spiricon  beam  an¬ 
alyzer  is  pre-triggered  by  the  ATF  master  timing  system, 
the  video  camera  of  the  BPM  (PULNiX  TM-745E)  is  syn¬ 
chronized  with  the  electron  beam  by  the  sync,  signals 
generated  by  the  Spiricon  beam  analyzer.  The  auto¬ 
matic  emittance  measurement  system  is  controlled  by  an 


2487 


VAX-4000 
Motto!  200 


Figure  2:  The  schematic  of  the  ATF  emittance  measurement  system. 


operator  window,  which  was  created  using  Vista  control 
software  package.  For  each  emittance  scan,  the  emittance 
measurement  system  step  through  the  quadrupole  magnet 
for  a  given  range.  It  turns  on  and  off  the  laser  beam,  ac¬ 
quires  dark  current  and  photoelectron  beam  images.  The 
images  are  sent  to  the  Spiricon  beam  analyzer  to  obtain 
photoelectron  image  only  by  subtraction.  Then  the  Spiri¬ 
con  calculates  the  elliptical  beam  parameters  for  specified 
portion  of  the  beam  image.  The  Spiricon  send  the  beam 
information  to  the  VAX  by  hardware  interruption.  When 
data  acquisition  finished,  the  VAX  calculates  the  beam 
matrix  and  emittance  using  the  algorithm  presented  in 
the  previous  sections.  The  emittance  measurement  sys¬ 
tem  also  plots  the  data  in  real  time  (Fig.  3),  and  the  beam 
matrix  ellipse  in  the  end. 

The  Spiricon  can  calculate  the  image  in  several  man¬ 
ners,  and  performs  Gauss  fit.6  The  calculation  method 
used  in  the  ATF  emittance  measurement  system  is  Energy 
Method.  It  allows  us  to  calculate  elliptical  beam  parame¬ 
ters  for  different  portions  of  the  beam,  and  compare  with 
the  measured  emittances  with  an  ideal  gaussian  beam. 
For  a  gaussian  distribution  beam,  the  beam  fraction  F  is 
given  by,7 

F=l-EXP(-it)  <12> 

and  the  emittance  of  a  fraction  of  a  gaussian  beam  is, 

=  1  +  (1  —  F)  /n  (1  —  F)  /F  (13) 


Using  Spiricon  beam  analyzer’s  energy  method,  we  can 
calculate  the  beam  emittance  of  the  different  fractions  of 
the  electron  beam,  and  determine  the  beam  distribution 
by  using  Eq.  (13). 
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Figure  3:  The  beam  sizes  as  function  of  the  quadrupole 
strength. 
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Abstract 

A  nondestructive  beam  profile  monitor  for  the 
Superconducting  Super  Collider  (SSC)  is  presented  using  as  a 
probe  a  low-energy  electron  beam  interacting  with  the  proton 
bunch  charge.  Results  using  a  full  Monte  Carlo  simulation  code 
look  promising  for  the  transverse  and  longitudinal  beam  profile 
measurements. 

Recently  a  low-energy  electron  beam  was  proposed  [1]  for 
nonperturbing  diagnostics  of  high-energy  electron  beams,  based 
on  earlier  works  [2,3].  We  studied  a  similar  approach  in 
connection  with  applications  for  the  SSC  collider  and  its  transfer 
lines. 

A  diagram  of  the  beam  emittance  monitor  for  the  SSC  using 
a  low-energy  probe  electron  beam  is  presented  in  Figure  1.  A 
strobed  electron  gun  directs  the  beam  of  10-KeV  electrons 
perpendicular  to  the  proton  beam.  Deflected  electrons  are 
detected  with  a  position  sensitive  detector.  A  silicon  microstrip 
detector  seems  to  be  a  perfect  candidate  for  this.  The  monitor  can 
use  a  well-focused  electron  beam  sweeping  through  the  proton 
beam,  or  a  wide,  parallel  electron  beam.  Single  bunch 
measurements  are  possible  in  the  latter  case,  i.e.,  when 
illuminating  a  bunch  of  high-energy  particles  by  a  wide  parallel 
electron  beam  one  can  obtain  a  specific  "shadow  picture”  of  the 
proton  bunch.  The  duration  of  the  pulse  of  electrons  in  this  case 
should  be  shorter  than  the  duration  of  the  proton  bunch. 


Figure  1 .  Electron  beam  profile  monitor  for  the  SSC 
collider. 


•Operated  by  the  Universities  Research  Association,  Inc.,  for  the 
U.S.  Department  of  Energy  under  Contract  No.  DE- 
AC35-89ER40486. 


We  used  the  ZBEAM  simulation  code  described  elsewhere 
[4,5]  to  trace  probe  electrons  in  the  vicinity  of  a  20-TeV  beam. 
Electrons  were  traced  from  Y  =  -1  cm  to  Y  =  2  cm,  Y  is  being  the 
direction  of  the  electron  beam.  The  Z-direction  corresponds  to 
the  direction  of  a  proton  beam.  Deflection  angles  of  electrons  in 
the  X-Y  plane  were  calculated  versus  the  probe  beam  position 
along  the  X-direction. 

The  bunch  structure  of  the  20-TeV  beam  was  taken  into 
account.  The  bunch  was  considered  as  a  moving  charge 
equivalent  to  the  charge  of  1010  protons  with  three-dimensional 
Gaussian  distribution  in  space.  A  Gaussian  distribution  with 
sigma  equal  to  5  cm  was  used  in  the  Z-direction.  Four  beam  sizes 
were  considered  with  sigmaX = sigma Y,  for  sigma  being  equal  to 
50  pm,  100  pm,  200  pm  and  500  pm.  The  electrons  were  exactly 
synchronized  with  the  proton  bunch.  In  our  case  the 
Z-component  of  the  electrical  field  of  the  bunch  is  rather  small, 
and  we  neglect  it. 

It  was  found  that  the  electron  deflection  angle  is  quite 
sensitive  to  the  position  of  the  electron  beam  inside  the  proton 
bunch.  Figure  2  presents  the  scattering  angle  of  the  electron 
versus  its  distance  from  the  center  of  proton  beam  (impact 
parameter)  for  different  beam  sizes.  By  measuring  the  deflection 
of  the  electron  beam,  it  is  possible  to  obtain  the  rms  size  of  the 
beam  with  good  precision.  The  probing  electron  beam  would  be 
swept  across  the  main  beam  to  obtain  a  full  deflection  profile. 
Electrons  should  be  focused  in  the  plane  of  the  proton  beam  in  a 
spot  less  than  10  pm  in  size  in  order  to  not  introduce  any 
significant  broadening  to  the  measured  beam  size.  Figure  3 
demonstrates  the  sensitivity  of  the  method  to  the  shape  of  the 
charge  distribution  inside  the  bunch.  Scattering  angles  versus 
impact  parameter  are  presented  for  Gaussian  and  uniform  charge 
distributions  in  the  X-Y  plane  with  the  same  rms,  50  pm.  In  the 
Z-direction  both  distributions  are  Gaussian  with  sigma  of  5  cm. 
An  obvious  difference  between  the  two  curves  is  seen. 

A  notable,  and  not  entirely  intuitive,  feature  of  Figures  2 
and  3  is  the  leveling  off  of  the  deflection  angle  for  values  of  the 
impact  parameter  which  exceed  the  X-extent  of  the  beam.  If  the 
impact  parameter  b  is  beyond  the  X-extent  of  the  beam,  but  still 
very  small  compared  to  the  Z-extent  of  the  bunch,  it  is  reasonable 
to  model  the  force  felt  by  the  probe  electron  as  that  due  to  an 
infinite  line  charge. 


F(R)  = 


—  2eqfi. 
IRI2 


(1) 


where  e  is  electron’s  charge,  qL  is  the  linear  charge  density  of  the 
idealized  line  charge,  and  R  is  the  two-dimensional  vector 
(X,  Y).  Thus,  after  some  calculations,  we  arrive  to 
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Deflection  angles  (mrad)  versus  Impact  parameter  (mm) 

TIP-03687 

Figure  2.  Deflection  angles  versus  electron  beam  positions 
relative  to  the  center  of  a  proton  bunch.  Data  for 
three-dimensional  Gaussian  distributions  of  the  bunch 
charge  with  sigmaX  =  sigma Y  equal  to  50  pm.  100  pm, 

200  pm  and  500  pm.  SigmaZ  is  equal  to  5  cm.  Smooth 
curves  represent  a  fit  of  data  by  error  function. 


Deflection  angles  (mrad)  versus  Impact  parameter  (mm) 

TIP-03668 


Figure  3.  Scattering  angle  vs.  impact  parameter  for  two 
charge  distributions  with  the  same  rms,  50  pm.  Upper 
curve — uniform  distribution  of  charge  within  a  100  pm 
radius  of  beam,  lower  curve — Gaussian  distribution  with 
sigma  50  pm.  A  difference  between  the  two  curves  is  seen. 


In  other  words,  the  derivative  of  the  deflection  angle  as  a 
function  of  impact  parameter  is  proportional  to  the  Y- integrated 
profile  of  the  transverse  beam  charge  distribution  Ql.  This 
happens  to  be  precisely  the  same  information  as  one  obtains  from 
a  probe  wire  (“flying  wire’’)  which  is  passed  perpendicular  to  the 
beam  in  the  Y-direction  (that  of  the  probe  electron)  through  the 
X-point  corresponding  to  that  electron’s  impact  parameter  b.  The 
deflection  functions  shown  in  Figure  2,  then,  simply 
proportional  to  the  indefinite  b-integrals  of  the  very  “beam 
profiles”  which  are  measured  by  “flying  wires”! 

Figure  4  presents  the  dependence  of  the  X-position  of  a 
deflected  electron  at  Y  =  2  cm  versus  its  initial  X-position  at  Y  = 
-1  cm.  Electrons  are  “switched”  in  the  X-direction  by  the  proton 
bunch  charge  around  the  center  of  the  proton  beam,  and  the  shape 
of  this  switching  is  defined  by  the  proton  beam  profile.  Note,  that 
the  shape  of  the  curve  presented  defines  not  only  the  transverse 
shape  of  the  proton  beam,  but  also  the  longitudinal  charge 
density  at  the  center  of  the  bunch. 
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Figure  4.  X-position  of  an  electron  at  the  plane  Y  =  2  cm 
versus  its  X-position  at  the  plane  Y  =  -1  cm.  Solid  line  is  for 
Gaussian  beam  with  sigmaX  =  sigma Y  =  50  pm,  dashed 
line — for  100  pm,  dotted  line — for  200  pm,  dash-dotted 
line — for  500  pm. 

Figure  5  presents  the  X-profiles  of  a  4-mm  wide,  parallel, 
uniformly  distributed,  electron  beam  at  the  Y  =  2  cm  plane  for 
different  proton  beam  sizes.  In  the  Z-direction  this  beam  could  be 
as  wide  as  10  mm.  10®  electrons  were  simulated  for  each 
distribution.  It  is  easy  to  see  that  the  shape  of  the  electron  beam 
profile  resulting  from  interaction  with  the  proton  beam  is  very 
sensitive  to  the  size  of  the  proton  beam.  Similar  data,  but  with  a 
Gaussian  angular  divergence  for  the  electron  beam  of  1  mrad,  are 
presented  in  Figure  6.  Sensitivity  of  the  resulting  electron  beam 
profile  to  the  size  of  the  proton  beam  remains  adequate. 

In  conclusion,  the  preliminary  calculations  presented  here 
show  that  the  emittance  of  a  20-TeV  beam  at  the  SSC  can  be 
effectively  monitored  with  low  energy  electron  beams  in  a 
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non-destructive  technique.  Further  detailed  studies  of  the 
process  are  needed,  including  construction  of  a  prototype  of  the 
device  and  testing  its  performance  on  high  energy 
beams. 
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Figure  6.  The  same,  as  in  Figure  5,  but  a  Gaussian 
divergence  with  sigma  of  1  mrad  is  used  for  the  primary 
electron  beam. 


Figure  5.  Electron  beam  profiles  at  the  plane  Y  =  2  cm  for 
different  proton  beam  sizes.  Upper  left — for  sigma  50  pm, 
upper  right — for  sigma  100  pm,  lower  left — for  sigma 
200  pm,  lower  right — for  sigma  500  pm.  Uniform 
distribution  of  the  electron  beam  from  -2  mm  to  +2  mm 
with  no  angular  divergence  is  assumed  at  the  plane  Y  = 

-1  cm.  106  electrons  are  used. 
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Abstract 

Two  solid  state  detectors  measure  in  real  time  the  vertical 
profiles  of  both  beams  in  LEP,  from  hard  X-rays  produced  in 
normal  machine  dipoles.  Each  detector  consists  of  64  elements 
of  CdTe  photoconductor  deposited  with  a  pitch  of  100  pm  on 
a  ceramic  support  Profiles  can  be  recorded  at  the  rate  of 
bunch  passages  (88  kHz)  for  2S0  revolutions  and  are 
subsequently  analysed.  This  paper  describes  the  new  readout 
electronics  adapted  to  8  bunch  operation  of  LEP  and  the 
performance  of  detectors  using  the  data  acquired  in  1992. 
From  the  r.m.s.  size  of  these  profiles  and  the  knowledge  of 
machine  optics,  emittance  values  are  obtained  . 


current  Currently  new  detectors  are  being  fabricated  with  a 
protective  Si02  isolating  layer. 

Movable  mechanics  supports  the  detector  mounted  on  a 
water  cooled  aluminium  block.  It  can  be  displaced  vertically 
within  a  range  of  ±  10  mm  and  rotated  for  45°.  The  movement 
allows  for  a  proper  alignment  of  the  detector  with  the  incident 
light  and  also  to  retract  it  from  irradiation  when  no  data  is 
acquired.  The  detector  is  electrically  isolated  from  its  support 
and  is  contained  in  a  vacuum  tank  (about  1(H*  torr). 

3.  READOUT  ELECTRONICS 


1.  INTRODUCTION 

The  goal  of  this  instrument  is  to  measure,  in  real  time,  at  a 
repetition  frequency  of  88  kHz,  the  vertical  emittance  of 
electron  and  positron  bunches  in  LEP.  These  particles  radiate 
very  large  quantity  of  synchrotron  X-ray,  in  the  main  dipole 
magnets  [1].  This  radiation  strikes  the  detectors,  placed  in  two 
special  recesses  [2],  through  a  0.4  mm  Be  window  of  the  LEP 
vacuum  chamber.  There  is  no  imaging  of  the  synchrotron  light 
and  the  vertical  divergence  is  directly  measured  by  an  array 
of  photo  conductors  (Fig.  1)  with  a  pitch  of  100  pm. 
Having  the  knowledge  of  the  machine  optics,  emittance 
values  can  be  estimated  from  the  measured  profiles  [3]. 


A  brief  description  of  the  detectors  is  followed  by  a 


are  described  using  the  data  collected  during  1992  LEP 
Operation.  During  this  period  the  detector  was  mainly  used 
to  test  its  performance.  All  of  the  results  (apart  from 
emittance  values)  shown  here  are  for  the  electron  beam. 
Identical  results  were  obtained  for  the  positron  beam. 


In  order  to  obtain  the  vertical  profiles  of  each  LEP  beams  at 
every  passage  of  each  bunch,  the  data  readout,  acquisition  and 
pre-processing  must  be  completed  in  less  than  1 1  ps;  and  the 
readout  must  be  ready  to  register  the  next  profile  (with  8 
bunches  per  LEP  turn).  Once  the  data  are  readout  by  the  front- 
end  electronics,  they  must  be  transferred  to  the  data  processors 
over  300  m  of  cable  length.  Thus  to  reduce  costs  (factor  8 
about)  and  fulfil  the  time  requirement  for  the  readout,  an 
analogue  signal  multiplexing  solution  has  been  chosen. 


2.  DETECTORS 

During  the  normal  operation  of  LEP,  where  these  detectors 
can  be  used  in  parasitic  mode  permanently,  they  may  be 
exposed  to  dose  of  X-rays  (10-100  keV)  irradiation  up  to  10^ 
Sv  per  year.  To  meet  such  a  requirement,  a  thin  layer  (4  pm) 
of  polycrystalline  CdTe  [2]  is  deposited  on  ceramic  substrate 
(127  pm  thick)  which  can  resist  such  severe  irradiation.  The 
bias  line  and  64  horizontal  finger  lines  (50  pm  wide)  with  a 
pitch  of  100  pm,  are  made  with  vacuum  deposited  gold. 

During  the  previous  feasibility  tests  of  detectors,  they  were 
exposed  to  an  intense  X-ray  radiation  (6  watts  per  mnr)  for  a 
month.  This  resulted  in  a  deposition  of  a  carbon  layer  on  the 
photoconductors  due  to  residual  gases.  This  carbon  produces  a 
shunt  across  the  photoconductors  and  increases  the  dark 


Fig.  1.  Synoptic  diagram  of  detector's  electronics 

Beside  the  usual  difficulties  due  to  mechanical  motions  in 
vacuum,  a  greater  technological  problem  had  to  be  solved:  a 
flat  cable  with  66  conductors  (100  pm  wide  and  250  pm  pitch) 
and  vacuum  feed-through  to  interface  the  detector  with  the 
front-end  electronics.  The  cable  is  a  flexible  stripline  made 
with  a  multilayer  of  copper  and  Kapton.  An  additional 
external  isolating  layer  avoids  parasitic  current  in  the  front- 
end  ground  layer.  The  vacuum  feed-through  is  obtained  by 
sealing  the  flat  cable  with  resin  through  a  slotted  flange.  This 
first  version  was  very  difficult  to  connect  to  the  ceramic 
detector  and  was  fragile.  A  new  version  of  high  mechanical 
precision,  with  an  intermediate  connector  and  a  total  length  of 
2  m,  is  in  preparation. 
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The  low  noise  charge-preamplifier  integrates  for  each  line 
the  current  pulse  proportional  to  the  photoconductor 
illumination.  The  pulse  reflections  within  the  SO  ohms  lines  of 
the  flat  cable  have  no  influence  on  the  total  integrated  charge 
since  the  carrier  lifetime  in  the  CdTe  is  about  10  picoseconds. 
In  such  configuration,  the  photoconductors  act  as  an  open 
circuit  and  the  cable  as  a  capacitive  memory.  The  hybrid 
circuits,  LECROY  MIQ401,  time  multiplexes  64  signals  in  8 
groups  of  8  to  form  a  pulse  train  within  the  delay  of  1 1  ps 
between  bunches  (fig.  1  and  2).  A  line  driver  sends  the  pulses 
on  long  distance  cables  (300  m)  to  the  data  acquisition  crate. 
The  time  multiplexing  is  synchronised  with  turn  clock  pulses 
distributed  by  the  Beam  Synchronous  Timing  system  which  is 
phase  locked  to  the  LEP-RF  [4]  and  delay  controlled  for 
selection  of  bunch. 

4.  DATA  ACQUISITION  SYSTEM 

The  data  acquisition  system  is  similar  to  that  of  the  Beam 
Orbit  Measurement  system  [5].  FADCs  are  self  triggered  by 
the  incoming  signal.  In  a  sequence  they  sample  first  the  base 
line  values  and  second  the  pulse  heights,  thus  allowing  for  DC 
restitution  (fig.  2).  The  data  pairs  for  each  channel  are  stored 
in  a  buffer  memory  with  a  time  sticker.  A  maximum  of  2S0 
beam  revolutions  can  be  stored  within  its  depth  of  32  kbyte.  A 
secondary  memory  with  smaller  depth,  8  kbyte,  is  connected 
in  parallel  for  other  applications  like  real  time  observation. 


Fig.  2.  Acquisition  scheme  with  FADC  and  buffer  memory 


The  FADCs  are  connected  directly  in  parallel  to  the 
memory  module  input  (VME  module)  for  fast  data  transfer 
(about  130  ns).  The  local  processor  (Device  Stub  Controller) 
scans  the  data  and  orders  them  according  to  their  reference 
position  in  the  detector.  The  data  are  normalised  with  the 
coefficients  obtained  from  the  calibration  of  the  detectors.  The 
result  is  a  file  containing  the  measured  vertical  profile  for  each 
bunch  for  up  to  250  revolutions.  This  file  is  then  transferred  to 
an  Apollo  computer  for  further  processing. 


The  instrument  is  fully  remote  controlled:  the  detector 
movements,  the  power  supplies,  test  generators  and  the 
analogue  direct  profile  display  for  maintenance  and 
performance  optimisation  purposes. 

5.  DETECTOR  CALIBRATION 

The  response  of  photoconductors  can  be  formulated  as 
following : 

R  =  A0  +  A^O  +  Ai<t>V 

where  A0  is  the  pedestal  signal  (noise)  due  to  detector  and 
readout  electronics  in  the  absence  of  polarisation  voltage  (V) 
and  light  (<&);  Ai<t>  is  due  to  the  electrons  leaving  the  surface 
of  photoconductors  which  are  exposed  to  an  intense  photon 
flux  but  have  no  polarisation  voltage  applied;  A2OV  is  the 
response  of  the  photoconductors  to  light  in  presence  of 
voltage. 


of  polarisation  voltage  for  different  light  intensities 

The  response  linearity  of  each  photoconductor  channel  can 
be  examined  as  a  function  of  polarization  voltage  for  different 
intensities  of  light.  All  photoconductor  channels  of  both 
detectors  have  shown  linear  response  similar  to  that  of  channel 
43  in  fig.  3. 

The  first  step  in  calibration  entails  the  measurement  of  Aq 
for  all  channels  when  there  is  no  beam.  Then  a  relative 
calibration  of  the  detector  involves  the  determination  of  a 
constant  proportional  to  Aj  +  A 2V  for  each  channel  as 
obtained  for  a  given  polarization  voltage  V  .  In  order  to  obtain 
comparable  illumination  (O)  for  each  photoconductor,  the 
detector  is  displaced  every  100  pm  to  measure  the  vertical 
beam  profile  at  each  displacement  In  this  manner,  ideally  all 
photoconductors  are  exposed  to  the  same  light  intensity 
allowing  their  gains  to  be  compared  with  each  other.  Fig.  4 
shows  a  typical  measured  profile  before  and  after  it  is 
calibrated.  The  results  obtained  from  such  calibration  are  not 
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fully  satisfactory  because  of  variations  observed  on  some 
channels  due  to  unstable  contact  resistance. 

6.  PERFORMANCE 

One  of  the  interesting  aspects  of  this  detector  is  its  capability 
to  measure  the  beam  profiles  for  each  bunch  over  250  turns. 
The  variation  of  fitted  Gaussian  parameters  for  one  bunch 
over  six  consecutive  turns  was  examined.  The  mean  position 
varied  by  ±5  Jim  and  the  sigma,  (typically  ~  500  Jim)  by  ±3 
Jim).  These  values  reflect  the  precision  with  which  the 
detector  can  measure  the  beam  profiles. 


photoconductor  channel  number 
Fig.  4.  A  typical  vertical  profile  before  (o) 
and  after  (•  )  calibration 


Once  the  vertical  profile  of  the  beam  is  measured,  the 
vertical  emittance  can  be  easily  calculated  as  following : 


where  Om  is  the  measured  sigma,  8ph  is  the  correction 
due  to  photon  beam  divergence  from  the  light  source  to  the 
detector  and  is  the  betatron  function  at  the  detector.  The 
typical  values  measured  for  the  sigma  of  profiles  and  vertical 
emittances  during  1992  are  given  below 
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signal  to  noise  ratio  allows  good  measurements  as  from  the 
injection  energy  of  20  GeV/c.  At  45  GeV/c  a  filter  can  be  used 
to  select  the  higher  energy  part  of  the  X-ray  spectrum  which 
allows  emittance  measurements  with  an  accuracy  of  0.1  nm. 

More  work  remains  to  be  done  in  the  hardware  stripline 
connection  to  the  detector  and  in  the  software  calibration  and 
data  analysis  programs.  Also  new  photoconductors  protected 
with  a  thin  layer  of  silicon  oxide  have  to  be  tested  in  the  beam. 
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During  1992  operation  of  LEP,  the  electron  and  positron 
beams  manifested  a  50  Hz  vertical  oscillation.  Such  beam 
instability  has  been  observed  and  measured  by  these  detectors 
[6]. 


7.  CONCLUSIONS 

With  the  new  electronics  vertical  profiles  can  be  recorded  for 
the  sixteen  bunches  in  LEP,  at  consecutive  revolutions.  The 
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Abstract 

The  experience  and  performance  over  the  past  three 
and  a  half  years  of  operation  is  reported.  The  dynamic  range 
of  the  monitor  has  been  increased  by  an  improved  cooling  of 
the  CCD  chip  with  the  help  of  Peltier  cells.  The  contributions 
from  the  diffraction  and  the  depth  of  field  have  been 
evaluated  with  precision  in  order  to  estimate  the  beam 
emiuances.  Comparisons  and  cross  calibrations  with  the  wire 
scanners  have  been  started.  A  video  frame  grabber  and  fast 
projection  calculation  for  real  time  beam  size  display  has  been 
implemented. 

I.  INTRODUCTION 

There  are  four  synchrotron  radiation  (SR)  telescopes 
located  around  Intersection  8  of  LEP.  The  system  has  been 
described  in  detail  in  [1],  The  monitors  have  been  in 
operation  since  the  start-up  in  July  1989.  Two  monitors 
observe  the  electron  beam  and  two  the  positron  beam.  For 
each  type  of  particle,  there  is  a  monitor  located  at  a  near  zero- 
dispersion  location  and  one  at  a  high  dispersion  point.  The 
telescopes  have  a  magnification  of  1/5  between  the  beam  and 
the  detectors.  Two  detectors  per  telescope  are  in  use.  The  first 
and  most  used  one  is  a  CCD  chip  which  integrates  the  light 
coming  from  all  bunches  over  a  maximum  period  of  20  ms. 
The  second  is  a  gated  intensificr  and  wavelength  shifter 
coupled  to  a  CCD  which  is  able  to  acquire  individual  bunches 
at  selected  intervals.  The  effort  over  the  past  year  was  mainly 
directed  towards  the  improvement  of  the  precision  on 
emittance  measurements.  For  this,  the  dynamic  range  was 
increased  and  the  contributions  of  the  depth  of  field  and 
diffraction  were  measured  with  better  precision. 

II.  IMPROVEMENT  OF  THE  DYNAMIC  RANGE 

The  dynamic  range  of  the  monitor  is  first  limited  by 
that  of  the  CCD  chip.  Charges  of  thermal  origin,  the  so-called 
dark  current,  are  collected  in  the  CCD  potential  wells  during 
the  integration  and  readout  periods.  They  decrease  the 
dynamic  range,  introduce  statistical  non-uniformities  on  the 
signals  and  a  slope  on  the  vertical  beam  projection.  The  latter 
is  generated  by  the  difference  in  lime  spent  in  the  CCD  by  the 
various  pixel  charges  as  a  function  of  their  origin.  The  dark 
current  can  be  reduced  by  a  shorter  readout  time  and  by 
cooling  the  CCD  chip.  For  best  geometrical  precision,  the 
CCD  chip,  of  the  frame  transfer  type,  is  read  out  pixel  by 
pixel  at  a  frequency  up  to  1  MHz,  limited  by  the  speed  of  the 
12  bit  ADC  and  the  500  m  cable  length  from  the  camera  head 
to  the  processing  electronics.  This  readout  can  take  up  to  200 
ms.  A  faster  readout  frequency  would  decrease  the  dark 
current  but  also  increase  the  noise  of  the  output  stage  and  the 
charges  lost  during  the  many  transfers  to  the  output. 


Experiments  have  been  carried  out  at  various  temperatures  of 
the  CCD  chip,  at  read-out  frequencies  of  450  kHz,  900  kHz 
and  7  MHz,  in  full  darkness  and  with  uniform  illumination, 
in  order  to  find  optimum  operating  conditions.  The  CCD 
temperature  was  changed  by  connecting  to  its  back  face  a 
Peltier  effect  cooling  cell  and  by  providing  a  cooled  dry  air 
circulation  in  the  telescope.  The  chip  temperature  was 
lowered,  starting  from  an  estimated  temperature  of  60°C  with 
the  original  closed  camera  [1].  The  slope  of  the  vertical 
projection  was  reduced  from  one  hundred  counts  (out  of 
4096)  to  one  count  over  the  288  useful  lines  as  soon  as  a 
temperature  below  15°C  was  reached.  The  noise  of  the  two 
projections  was  FFT  analysed.  The  dominant  noise  is  the 
quantification  noise  of  the  12  bit  ADC  both  in  darkness  and 
with  a  uniform  illumination.  This  justifies  the  use  of  an  ADC 
of  at  least  12  bits  if  the  conversion  time  is  not  a  major  issue. 
Switching  from  450  to  900  kHz  gave  little  improvement.  The 
Dark  Current  Non  Uniformity  and  the  Photon  Response  Non 
Uniformity  were  estimated  to  be  in  the  range  of  +/-  1  count 
and  the  detector  was  found  to  be  linear  over  3500  counts. 
The  charges  lost  during  the  numerous  transfers  to  the  output 
amplifier  are  characterised  by  the  Charge  Transfer  Efficiency 
(CTE).  At  450  kHz  and  near  saturation,  a  CTE  slope  of 
-2.10'4/pixel  has  been  measured.  It  results  in  a  maximum 
charge  loss  of  20%.  This  slope  increases  with  frequency.  As  a 
consequence,  all  CCD  cameras  will  be  of  the  open  frame  type 
with  one  Peltier  cooling  cell  and  will  be  read  at  a  frequency 
of  450  kHz,  except  for  one  detector  which  will  be  operated  at 
900  kHz  for  test  purposes.  Good  projections  are  obtained  in 
practice  at  a  signal  peak  amplitude  of  one  hundred  counts. 
With  the  available  neutral  density  filters  the  beam  intensity 
dynamic  range  is  extended  to  3000,  starting  at  a  circulating 
current  of  5  pA  with  an  integration  time  of  20  ms,  a 
wavelength  filter  centred  around  450  nm  and  present  beam 
sizes. 

III.  DIFFRACTION  AND  DEPTH  OF  HELD 
CONTRIBUTIONS  TO  THE  MEASURED  PROFILES 

In  order  to  calculate  the  beam  size  from  the 
measured  light  spot,  it  is  necessary  to  evaluate  the  broadening 
introduced  by  the  depth  of  field  and  the  diffraction. 

The  depth  of  field  is  limited  by  a  horizontal  slit  of 
width  w  located  in  the  focal  plane  of  the  focusing  spherical 
mirror  [1],  This  slit  is  the  main  origin  of  diffraction  in  the 
horizontal  plane.  In  the  vertical  plane,  the  only  diffraction  to 
be  considered  is  that  originating  from  the  small  aperture  of 
the  SR.  The  various  contributions  have  been  measured  by 
varying  the  slit  width  w  and  the  wavelength  \  used.  The 
evolution  of  the  horizontal  and  vertical  rms  beam  sizes  as  a 
function  of  the  slit  width  w  are  given  in  Fig.  1. 
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Fig.  1:  Evolution  of  the  horizontal  and  vertical  rms  beam 
sizes  as  a  function  of  slit  width  w  at  450  nm. 

The  vertical  rms  size  of  the  light  spot  decreases  slowly  with 
the  slit  width  w,  whereas  in  the  horizontal  plane  the  size 
passes  through  a  minimum  before  increasing  sharply  for  low 
values  of  w.  This  is  due  to  the  combination  of  depth  of  field 
and  diffraction  acting  in  opposite  ways.  An  operational  slit 
width  of  2  mm  has  been  chosen  as  an  acceptable  compromise. 

The  natural  diffraction  contribution  has  been 
evaluated  by  measuring  the  vertical  size  of  a  beam  at  four 
different  wavelengths,  i.e.  450,  622  and  800  nm  with  the 
CCD  and  254  nm  with  the  intensifier  coupled  to  the  CCD: 
Fig.  2.  A  fifth  point  is  given  by  a  solar  blind  filter. 
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Fig.  2:  Vertical  light  spot  sizes  measured  at  various 
wavelengths  together  with  the  expected  spot  size  curve. 

The  spot  size  decreases  with  the  wavelength  as  expected  until 
the  CCD  is  replaced  by  the  intensifier,  showing  the  additional 
spot  broadening  introduced  by  the  intensifier.  This 
broadening  has  been  estimated  to  be  72  pm  rms  at  the 
detector  level,  i.e.  360  pm  at  the  beam  level. 

Correction  coefficients  for  estimating  the  beam  size 
have  been  calculated  from  these  measurements.  The  rms 
contributions,  expressed  in  pm,  of  the  diffraction,  aDu  and 
ctdv,  and  of  the  longitudinal  acceptance  aLA  can  be 
expressed  as: 

^DH  ~  1  -45  X/w 
ctdv  =  3.9 
alA  =  40  w 


where  the  slit  size  w  is  expressed  in  mm  and  the  wavelength 
X  in  nm.  These  contributions  are  subtracted  quadratically 
from  the  measured  light  spot  rms  size.  The  main  difficulty  in 
measuring  these  correction  coefficients  is  to  have  sufficient 
stable  beam  conditions.  The  broadening  introduced  by  the 
gated  intensifier- wavelength  shifter  is  too  large  to  permit 
precision  beam  size  measurements.  The  calibration  curve  of 
the  vertical  light  spot  size  versus  emittance  at  the  nominal 
operating  parameters  is  given  in  Fig.  3. 
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Fig.  3:  Vertical  Light  spot  size  versus  Emittance  at  zero 
dispersion:  for  Py=91m,  X=450nm,  w=2mm 

A  similar  curve  can  be  established  for  the  horizontal  case.  As 
can  be  seen  from  this  calibration  curve,  it  is  desirable  to  lower 
the  wavelength  at  which  the  measurements  are  made  for 
evaluating  the  present  small  beam  emittances. 

IV.  OBSERVATIONS  AND  EMITTANCE  ESTIMATIONS 
A  feature  which  became  apparent  during  the  previous 
measurements  were  small  beam  size  excursions.  By  varying 
the  CCD  integration  time  from  2  to  30  ms  with  a  stable  beam, 
the  variation  of  the  spot  sizes  could  be  measured:  Fig.  4. 
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Fig.  4:  Light  spot  size  variations  as  a  function  of  CCD 
integration  time. 

Variations  of  4  pm  of  the  horizontal  projection  and  of  10  pm 
of  the  vertical  projection,  at  beam  level,  were  recorded. 
Unfortunately  the  integration  time  could  not  be  increased 
beyond  30  ms  to  characterise  more  precisely  the  frequency  of 
the  phenomenon.  Neither  was  it  possible  to  get  precise 
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enough  information  from  the  gated  detector.  The  influence  of 
these  oscillations  on  estimated  beam  sizes  is  negligible  in  the 
horizontal  plane  but  results  in  an  enlargement  of  up  to  2  %  in 
the  vertical  plane  for  a  20  ms  integration  time.  This 
"wobbling"  has  been  observed  also  with  the  pick-ups  [2]  and 
is  suspected  to  be  of  50  Hz  frequency  and  be  caused  by  a 
power  cable.  This  particular  effect  should  disappear  in  1993. 
Nevertheless  the  possibility  to  increase  the  integration  period 
beyond  40  ms,  actually  up  to  512  ms,  in  order  to  study  similar 
phenomena  will  be  implemented. 

During  the  first  two  years  of  running,  the  LEP 
emittances  were  close  to  the  original  design  values  of  42  and 
1.7  nm  and  the  emittances  provided  by  the  telescopes  were 
consistent  with  the  experimental  Luminosity  figures.  In  1993 
a  new  optics  with  a  90°  phase  advance  in  both  planes  was 
introduced,  resulting  in  much  lower  emittances,  typically  12 
and  0.5  nm.  Despite  the  improvements  implemented,  the 
emittance  figures  provided  by  the  telescopes  for  colliding 
beams  were  generally  highe  sometimes  up  to  40%,  w.r.t  the 
Luminosity  figures.  Several  phenomena  can  be  considered  to 
explain  it.  The  most  likely  ones  are  the  lack  of  knowledge  of 
the  machine  optical  functions  at  the  telescopes,  beam 
instabilities  during  the  integration  period,  and  magnetic 
coupling  resulting  in  beam  tilts  which  give  larger  apparent 
vertical  emittances  in  the  detector  frame. 

Pr  ;ision  cross-calibrations  with  the  wire  scanners 
have  been  started  [3].  Due  to  the  different  operating 
conditions  and  locations  of  the  two  monitors,  the  results  of 
these  tests  are  delicate  to  interpret.  Beam  tilts  and  limited 
knowledge  of  the  machine  optical  functions  increase  the 
difficulty  of  these  comparisons.  A  few  good  comparisons  were 
made  and  are  encouraging  for  the  future.  An  upper  limit  on 
the  precision  of  +/-  0.5  nm  on  the  horizontal  emittance  and 
+/-  0.2  nm  on  the  vertical  emittance  could  be  deduced.  The 
relative  accuracy  is  much  better.  Beam  size  changes  of  5  pm 
can  be  detected,  see  Fig.  4,  and  hence  emittance  changes  of 
2%  are  detectable  with  stable  beams.  Systematic  comparisons 
with  the  X-ray  vertical  profile  monitors  [4]  are  also  foreseen 
in  1993. 

The  facilities  with  the  fast  shutter  were  little  used. 
This  is  mainly  due  to  the  additional  enlargement  of  the  spot 
size  and  to  the  late  availability  of  display  software  for  the 
control  room  workstations.  This  mode  is  useful  to  compare 
the  sizes  of  the  different  bunches  and  to  observe  fast  turn  by 
turn  beam  instabilities  with  the  "burst"  mode  [1].  The  new 
display  facilities  show  centre  of  gravity  and  beam  size 
evolution  over  the  eight  acquired  profiles,  taken  at  intervals 
from  one  to  256  LEP  turns. 

As  some  measurements  have  indicated  that  the  beam 
tails  were  not  gaussian,  preliminary  tests  to  study  these  tails 
have  been  made  by  directing  the  beam  light  spot  towards  the 
edge  of  the  CCD  detector  in  order  to  increase  its  apparent 
dynamic  range  up  to  1/105.  These  tests  will  be  continued. 

The  TV  monitors  with  superimposed  measurement 
results  [1]  are  still  the  most  used  facility.  For  helping  with  the 
tuning  of  LEP,  an  eight  bit  frame  digitiser  with  fast  (40  ms) 


hardware  beam  size  calculations  was  installed.  The  results  are 
averaged  over  ten  measurements  for  noise  rejection  and 
displayed  on  a  colour  TV  monitor  in  the  control  room:  Fig.  5. 


62  8+  size  8’  <“■»•) 

1.44  3  1  44 

i  na  . . . . . . . . ...  .  t 

A  70  . . . 

• .  1  uo  y 

O  .  . . _ 

~  .  u  .  11  U 

o  oo  - . 

"  .  y  .  Jo 

%  n  nn 

L .  44 

i  np  .  - 

t  U44 

n  79  . . _ 

- ’  L  .  Uo 

- - - 0.72  y 

o  . . .  . 

0.00  . 

.  ~  U  .  JO 

. . .  . .  0  0Q 

0  l  min 

S’cL  Nov  13  L5 :  08 

)  1  rain  2 

.40  1992 

Fig.  5:  Fast  beam  size  display  showing  the  evolution  of  the 
two  beams  over  two  minutes.  It  is  updated  every  600  ms. 


V.  PLANS  FOR  i'HE  FUTURE 
For  1993  it  is  foreseen  to  install: 

-  a  phosphor  coated  CCD  sensitive  down  to  200  nm  to 
improve  the  precision  of  the  beam  size  measurement, 

-  a  set  of  finite  width  density  filters  for  implementing  a 
"corona"-iype  set-up  to  study  the  beam  tails, 

-  a  linear  density  filter  set  to  keep  automatically  the  beam 
signal  close  to  its  maximum  during  a  whole  run, 

-  to  have  all  detectors  equipped  with  Peltier  cooling  cells. 

The  system  will  be  using  a  68  030  CPU  running  under  OS  9 
and  directly  connected  to  Ethernet  which  will  increase  the 
processing  speed  and  suppress  a  layer  of  the  original  control 
set-up. 

ACKNOWLEDGEMENTS 

Acknowledgements  are  due  to  J.P.  Bindi  who  designed  and 
installed  the  telescope  cooling  with  Peltier  cells,  to  L.  Brunei 
for  the  CCD  measurements,  to  G.F.  Ferijli  and  J.  Provost 
who  provided  the  hardware  for  the  fast  video  acquisition  and 
display  of  the  beam  sizes,  to  A.  Bums  for  the  video  display 
software,  and  to  E.  Hatziangeli  for  the  workstations  software. 


REFERENCES 

[1]  C.  Bovet  ct  al.:  The  LEP  synchrotron  light  monitors,  Proc. 
of  the  1991  IEEE  Acc.  Conf. ,  San  Francisco 

[2]  J.  Borer  et  al.  :  Harmonic  analysis  of  coherent  bunch 
oscillations  in  LEP,  Proc.  of  the  1992  EPAC  ,  Berlin 

[3]  J.  Camas  et  al.:  High  resolution  measurements  of  profiles 
with  the  LEP  wire  scanners,  these  proceedings. 

[4]  E.  Rossa  et  ai.:  Measurement  of  vertical  emittance  at  LEP 
from  hard  X-rays,  these  proceedings 


2497 


High  Sensitivity  Beam  Intensity  and  Profile  Monitors  for  the  SPS  Extracted  Beams 


J.  Camas,  G.  Ferioli,  R.  Jung,  J.  Mann 
European  Organization  for  Nuclear  Research  (CERN) 
CH-121 1  Geneva  23,  Switzerland 


Abstract 

Secondary  Emission  Monitors  using  caesium  iodide 
coated  thin  aluminium  foils  have  been  installed  in  the  SPS 
transfer  channels  to  monitor  the  intensity  of  the  extracted 
heavy  ions  beams.  Tests  have  shown  an  increase  by  a  factor 
twenty  of  their  sensitivity  with  respect  to  bare  aluminium 
foils.  Luminescent  screens  viewed  with  TV  cameras  are  used 
to  monitor  the  position  and  the  profiles  of  the  extracted 
beams.  Various  luminescent  screen  materials  have  been 
tested.  Results  on  chromium  doped  alumina,  thallium  doped 
caesium  iodide  and  quartz  are  reported.  A  dynamic  range  of 
10^  in  beam  intensities  can  be  achieved  by  using  these  three 
materials  in  turn  in  the  usual  three  screen  tanks.  Intensifies 
used  together  with  CCD  cameras  and  video  frame  grabbers 
with  incorporated  projection  calculations  are  used  in 
conjunction  with  these  screens.  Results  with  heavy  ions  in  the 
transfer  channels  and  with  protons  extracted  from  circulating 
beams  in  the  SPS  are  given.  Detection  sensitivities  down  to  a 
few  tens  of  protons  per  video  frame  have  been  observed. 


I.  INTRODUCTION 

Oxygen  and  sulphur  ions  have  been  accelerated  in 
the  SPS  and  delivered  to  the  users  of  the  experimental  areas 
in  the  past,  and  the  instrumentation  had  been  adapted  to  this 
low  intensity  mode  [1],  After  the  approval  of  the  project  to 
accelerate  lead  ions  in  the  SPS  complex  from  1994  onwards, 
the  instrumentation  for  the  transfer  channels  was  re¬ 
examined.  The  instruments  discussed  here  are  for  intensity, 
position  and  profile  measurements  in  the  transfer  lines.  The 
intensities  ?re  measured  traditionally  with  secondary  emission 
foils  covering  the  whole  aperture  (BSI),  the  position  is  taken 
from  luminescent  screens  (BTV)  and  the  profiles  acquired 
with  Secondary  Emission  Grids  (BSG).  The  sensitivity  of  the 
BSIs  had  to  be  improved  substantially.  The  same  was  done 
with  a  BSG  for  test  purposes,  but  there  was  still  the  limited 
resolution,  the  risk  of  non  uniformity  from  strip  to  strip  and 
the  inherent  complexity  of  the  monitor  electronics.  With  the 
advent  of  high  yield  luminescent  screens  and  intensified  CCD 
cameras,  it  was  decided  to  try  to  use  also  the  luminescent 
screens  for  profile  measurements.  The  output  of  all  these 
monitors  is  proportional  to  the  Z2  of  the  ions  observed. 


II.  HIGH  SENSITIVITY  INTENSITY  MEASUREMENT 

The  usual  aluminium  foils  used  in  Secondary 
Emission  Monitors  (SEM)  have  a  yield  of  5%  at  the  SPS 


beam  energies.  It  has  been  known  for  some  time  that  this 
sensitivity  could  be  increased  by  coating  the  foils  with  Csl  or 
KC1.  These  coatings  were  thick  ones  and  experienced  most  of 
the  time  some  hygroscopic  effects  and  sensitivity  degradation 
with  time.  As  the  monitors  had  to  be  used  over  long  periods, 
a  thin  coating  of  Csl  was  tested.  A  500  nm  thick  coating  was 
deposited  at  CERN  on  5  pm  aluminium  foils  with  a  100  nm 
A1  evaporated  coating.  It  demonstrated  a  yield  of  100%  and  a 
relatively  long  lifetime.  When  analysed  on  the  electron 
microscope,  the  Csl  appears  as  approximately  0.5  pm  droplets 
covering  roughly  40%  of  the  aluminium  surface:  Fig.  1. 


Fig.l:  Electron  microscope  photography  of  a  Csl  coating  on 
an  aluminium  foil.  The  reference  bar  at  the  top  is  2  pm  long. 


Five  BSI  monitors  were  equipped  with  these  foils  for  the 
sulphur  run  of  1991  and  three  more  monitors  were  equipped 
for  the  1992  run  for  monitoring  the  injection  into  the  SPS  and 
the  ejections  towards  the  North  and  West  experimental  areas. 
Together  with  a  new  high  sensitivity  front  electronics,  the 
system  has  a  basic  noise  level  of  105  charges  with  Sulphur, 
which  is  the  limiting  resolution.  Studies  were  made  during 
this  period  to  define  the  sensitivity,  as  a  function  of  the 
various  beam  parameters,  and  its  variation  in  time.  The  gain 
factor  of  Csl  decreases  from  a  high  value  of  twenty  for  low 
peak  current  beams  down  to  a  factor  five  for  high  peak 
intensity  beams,  the  transition  taking  place  around  1  mA 
peak.  The  foils  which  were  not  continuously  submitted  to 
high  peak  current  proton  beams  of  several  Ampferes,  kept 
their  amplification  factor  over  the  two  years  of  experience.  On 
the  other  hand,  foils  which  had  been  submitted  regularly  to 
the  traversal  of  high  peak  currents  had  their  sensitivity 
lowered  by  approximately  20%  from  one  year  to  the  next. 
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III.  BEAM  PROFILE  MONITORING 

Ii  is  possible  to  measure  beam  profiles  with 
luminescent  screens.  They  have  many  advantages  over  SEM- 
Grids,  i.c.  high  resolution  with  a  minimum  of  cabling,  good 
dynamic  range,  and  low  noise,  essentially  when  CCD 
detectors  can  be  used.  The  resolution  is  given  in  this  case  by 
the  size  of  the  picture  elements  or  pixels  of  the  chip.  The 
CCD  is  a  matrix  of  604  x  294  pixels,  10  pm  in  square,  made 
by  Philips.  For  observing  the  low  intensity  signals  associated 
with  heavy  ion  operation,  a  DC  intensifier  is  installed  in  front 
of  the  CCD  camera.  It  has  a  gain  which  can  be  controlled  by  a 
low  level  signal,  generated  by  a  DAC  under  computer  control 
and  applied  to  the  high  voltage  DC/DC  converter.  It  can 
change  the  global  gain  from  a  low  value  of  400  up  to  a  gain  of 
104.  The  Intensifier  is  coupled  to  the  CCD  by  two  lenses 
mounted  back  to  back:  Fig.  2.  The  set-up  is  less  compact  and 
efficient  in  light  transmission  than  a  fibre  optic  coupling,  but 
has  the  advantage  to  be  far  more  economical. 


Fig.  2:  Intensifier  (at  left)  coupled  by  two  back  to  back  lenses 
to  the  CCD  camera. 

In  order  to  use  the  screen  information  to  measure  beam 
profiles,  the  video  signal  in  CCIR  standard  has  to  be 
digitised.  As  in  beam  monitoring  the  beam  projections  along 
the  horizontal  and  vertical  axis  arc  to  be  used  to  calculate  the 
beam  emittances,  a  function  which  is  not  yet  implemented  in 
the  commercial  devices,  it  was  decided  to  build  a  VME  frame 
grabber  module,  which  next  to  the  digitisation  calculates  on 
board  the  two  projections  during  two  successive  TV  frames. 
The  module  has  a  windowing  function,  enabling  to  digitise 
and  memorise  a  square  area  within  the  TV  picture.  The  data 
reduction  achieved  permits  to  memorise  several  pictures  and 
profiles  until  the  image  and  profile  memories  are  filled  up, 
e.g.  from  one  image  of  256x256  pixels  to  six  images  of 
100x100  pixels  and  up  to  160  profiles  over  100x100  pixels. 
This  information  is  available  for  later  retrieval.  The 
digitisation  is  done  by  an  8  bit  flash  ADC  converting  at  a  rate 
of  7  MHz.  A  companion  module  allows  to  memorise  the  full 
TV  image  and  to  display  it  on  the  TV  monitor  until  a  reset 
pulse  is  received.  This  feature  is  interesting  in  the  long  cycles 
in  use  at  the  SPS.  Four  Intensified  CCD  cameras  were 
installed  for  the  1991  heavy  ion  run.  As  they  gave  satisfactory 
results,  five  more  were  installed  for  the  1992  run. 


The  CCD  cameras  have  to  be  replaced  by  tube 
cameras  for  the  high  intensity  proton  runs  to  avoid  radiation 
damage. 

To  achieve  the  best  sensitivity  of  the  system,  some 
effort  was  invested  in  the  study  of  the  luminescent  screen 
material.  Up  to  the  heavy  ion  runs,  three  types  of  screen 
material  were  used:  quartz  for  very  high  density  beams, 
Cerium  doped  Lithium  glass  and  Chromium  doped  Alumina, 
the  light  yield  increasing  in  that  order.  Thallium  doped 
Caesium  Iodide  crystals  have  interesting  properties.  This 
material  has  a  better  light  yield  than  A1203  (Cr),  is  a 
thousand  times  faster  which  is  interesting  for  time  resolved 
profiles  and  emits  light  at  550  nm,  in  the  sensitivity  region  of 
a  normal  CCD  (  450  to  1000  nm).  The  main  disadvantage  of 
Csl  (Tl)  is  its  softness  which  limits  its  size  to  a  disk  of  80  mm 
in  diameter  for  a  one  millimetre  thickness.  The  spectral 
emission  curves  for  the  four  screens  are  given  in  Fig.  3, 
normalised  for  a  1013  proton  beam. 
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Fig.  3:  Spectral  emission  curves  of  four  screen  materials 

The  lithium  glass  which  is  well  adapted  to  TV  tubes  cannot 
be  used  with  CCDs  as  it  emits  mainly  outside  the  spectral 
sensitivity  of  these  detectors.  The  properties  of  the  three 
screens  which  arc  used  with  CCDs  are  collected  in  Table  1, 
where  the  sensitivities  are  given  for  protons  beams  of  2  mm 
diameter  FWHM  with  a  screen  to  CCD  demagnification  of 
10. 
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Table  1:  Screen  material  characteristics 


IV.  VERY  HIGH  SENSITIVITY  PROFILE  MONITORING. 


I  Material 

Activator 

K  [nm] 

decay 

Sensitivity  1 

|  Quartz 

none 

large 

ns 

1x10s  j| 

A1,0, 

Cr 

700 

ms 

2X106  j 

I  Csl 

T1 

550 

ps 

7xl04  i 

Two  Caesium  Iodide  screens  were  installed  for  test  purposes 
in  1992.  The  results  were  promising  and  it  was  decided  to 
install  the  previous  three  screen  types  in  a  maximum  of 
monitors.  The  monitors  have  four  positions,  three  for  screens 
and  an  empty  one  for  the  free  passage  of  beam:  Fig.  4. 


Fig.  4:  Luminescent  screen  monitor  with  four  positions,  three 
for  screens  and  one  for  the  free  passage  of  beam. 

During  the  1992  Sulphur  run  profiles  of  beams  with  105  ions 
per  profile  were  taken.  A  typical  example  is  given  in  Fig.  5. 


Encouraged  by  the  good  results  with  heavy  ions,  a 
luminescent  screen  monitor  was  installed  for  the  crystal 
extraction  experiment  in  the  SPS  [2].  The  monitor  is 
comprised  of  a  tank  identical  to  that  of  Fig.4  located  on  the 
proton  extraction  path,  under  air,  equipped  with  CsI(Tl)  and 
Al203(Cr)  screens  and  with  the  standard  Intensified  CCD 
camera  of  Fig.2.  It  permits  a  direct  observation  of  the 
extracted  beam  on  a  TV  monitor  over  a  wide  dynamic  range 
and  the  digitisation  of  the  acquired  images.  A  lego  plot  of 
such  an  acquisition  is  given  in  Fig.  6. 


Fig.  6:  Lego  plot  of  protons  extracted  from  the  SPS  by  a  bent 
crystal. 


VERT.  PROFILE  HO  13 

SIGMA  61.5  Wt 
PEAK  2092 
PUS  97  MH 

SUM  230878 


By  making  comparison  with  scintillator  counters,  it  appears 
that  sensitivities  down  to  one  proton  per  pixel  can  be  obtained 
with  the  CsI(Tl)  screen  and  Intensified  CCD  combination. 
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Abstract 

AlliedSignal  Inc.,  Kansas  City  Division,  and  the 
Superconducting  Super  Collider  Laboratory  (SSCL)  are 
collaboratively  developing  a  high  density  harp  for  the  SSCL 
linac.  This  harp  is  designed  using  hybrid  microcircuit 
(HMQ  technology  to  obtain  a  higher  wire  density  than 
previously  available.  The  developed  harp  contains  one 
hundred  twenty-eight  33-micron-diameter  carbon  wires  on 
0.38-mm  centers.  The  harp  features  an  onboard  broken  wire 
detection  circuit.  Carbon  wire  preparation  and  attachment 
processes  were  developed.  High  density  surface  mount 
connectors  were  located.  The  status  of  high  density  harp 
development  will  be  presented  along  with  planned  future 
activities. 

INTRODUCTION 

AlliedSignal  Inc.,  Kansas  City  Division,  and  the 
Superconducting  Super  Collider  Laboratory  (SSCL)  are 
developing  a  high  density  harp  for  use  in  the  SSCL  linac. 
The  SSCL  required  a  128-wire  harp  with  overall  dimensions 
no  greater  than  80  mm  X  80  mm  X  50  mm  (LXWXD). 
The  carbon  wires  needed  to  be  approximately  25  microns  in 
diameter  and  spaced  380  microns  on  center1.  The  harp  must 
mount  to  the  end  of  a  SSCL  actuator2  using  a  2.125-inch 
conflat  flange. 

To  accomplish  the  SSCL's  design  goals,  the  Kansas  City 
Division's  experience  in  designing  and  manufacturing  hybrid 
microcircuits  (HMCs)  was  utilized. 

Utilizing  the  technologies  used  to  fabricate  hybrid 
microcircuits,  a  harp  can  be  produced  with  greater  wire 
density  than  previously  obtainable.  The  high  density  harp 
utilizes  thick  film  conductor  lines  printed  on  a  ceramic 
substrate.  Since  thick  film  networks  (TKNs)  can  be 


fabricated  with  0.1 27 -mm  lines  and  spaces,  carbon  wires 
spaced  0.254  mm  on  center  are  possible. 

A  carbon  wire  attachment  process  was  developed  to 
bond  carbon  wires  to  gold  TKN  bond  pads.  The  attachment 
was  required  to  be  a  maximum  of  0.254-mm  wide  to  match 
the  minimum  TKN  line  spacing 

HARP  DESIGN 

Figure  1  illustrates  the  design  for  a  high  density  harp. 
The  overall  dimensions  of  this  harp  are  80  mm  X  75  mm  X 
45  mm  (LXWXD).  This  harp  has  been  designed  to  mount 
to  the  SSCL  actuator  with  a  2.125-inch  conflat  flange. 
Connection  to  the  data  monitoring  circuitry3  is  made  within 
the  25.4  mm  I.D.  actuator  arm  by  mating  to  the  harp's  four 
37-contact  high  density  surface  mount  connectors 
manufactured  by  Nanonics  Corporation.  These  dual-row 
nanominiature  connectors  feature  0.635  mm  contact  spacing 
and  measure  only  1 1.43  mm  X  5.72  mm  X  3.18  mm  (LXW 
XD). 

The  harp  TKN  is  a  1-mm-thick  alumina  substrate  printed 
with  thick  film  conductor  inks.  Conductor  inks  used  include 
gold  for  the  wire  bond  pads  and  conductor  lines  and  a 
platinum/gold  composition  for  the  connector  pads.  The 
platinum/gold  composition  allows  the  connectors  to  be 
surface  mount  soldered  without  leaching  the  pads  off  the 
substrate.  The  harp's  TKN  has  six  conductor  layers  printed 
on  both  sides.  Printed  dielectric  layers  separate  the 
conductor  layers.  A  0.15  mm  X  0.23  mm  oval-shaped 
through-hole  via  geometry  was  developed  to  make  the 
required  128  TKN  front-to-backside  connections  in  the 
available  amount  of  space. 

A  benefit  of  utilizing  a  TKN  for  the  harp  network  is  that 
a  1  M-ohm  resistor  array  can  be  printed  directly  on  the  harp 
substrate.  This  allows  the  incorporation  of  a  broken  wire 


'Operated  for  the  U.S.  Department  of  Energy  under  Contract  Number  DE-AC04-76-DP00613 

1  Operated  by  the  University  Research  Association,  Inc.  for  the  U.S.  Department  of  Energy,  under  contract  No.  DE-AC35-89ER40486 
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Figure  1.  High  density  harp 


detection  circuit  without  increasing  the  harp's  thickness  or  necked-down  region  that  may  be  potted  into  the  conflat 
adding  components.  flange,  forming  a  hermetic  seal. 

To  obtain  a  vacuum  feedthrough  with  128+  conductors, 

the  harp  thick  film  network  was  designed  with  a  CARBON  WIRE  ATTACHMENT 


Figure  2.  Wire  preparation  for  Ti/Pd  sputtering 


The  high  density  carbon  wire  array  required  the 
development  of  a  bonding  technique  to  attach  the  carbon 
wires  to  the  harp  TKN  bond  pads.  The  technique  makes  it 
possible  to  attach  33-micron-diameter  carbon  wires  to 
0.1 27-mm- wide  metallized  pads,  providing  mechanical  and 
electrical  connection. 

Before  carbon  wires  are  bonded  to  the  harp  network,  the 
ends  of  the  wires  are  metallized  with  titanium,  palladium, 
and  gold.  In  preparation  for  the  metallization  process,  the 
wires  are  epoxy-attached  under  tension  to  a  metallized 
ceramic  frame  so  that  all  of  the  wires  are  parallel  to  each 
other  and  properly  spaced  (Figure  2).  The  ceramic  frame  is 
made  from  standard  herman-size  (3.75  X  4.5-inches)  ceramic 
to  be  easily  accommodated  by  the  Kansas  City  Division's 
processing  equipment,  a  vacuum  deposition  chamber  and  a 
gold  electroplating  tank,  without  new  fixturing. 

The  frame  containing  the  carbon  wires,  masked  to 
expose  only  the  ends  of  the  wires,  is  sputtered  with 
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MbTAU.KLD  _  1 2J*  CARBON  WIRES  ATTACHED 

CIXAM1C  I  XAMt  USING  CONDUCTIVE  EPOXY 


Figure  3.  Wire  preparation  for  gold  electroplating 

approximately  1,500  A  of  titanium,  followed  by 
approximately  2.5(X)  A  of  palladium. 

The  frame  is  then  overlaid  with  a  stencil  to  apply 
photoresist  to  the  center  region  of  the  wires  (Figure  3), 
thereby  preventing  gold  from  adhering  during  the  plating 
process.  The  photoresist-covered  wires  are  then  electroplated 
with  approximately  500  microinches  of  gold. 

The  prepared  carbon  wires  are  positioned  over  the  harp 
network  bond  pads  in  preparation  for  bonding.  The  end 
metallized  carbon  wires  are  bonded  to  the  harp  TKN  bond 
pads  using  a  parallel  gap  welding  process.  Figure  4  shows  an 
example  of  an  end  metallized  carbon  wire  bonded  to  a  thick 


film  gold  bond  pad.  The  process  provides  a  strong 
mechanical  bond,  maintaining  wire  tension,  without 
damaging  the  carbon  wire. 

STATUS 

•  A  wire  scanner  has  been  designed  and  built  utilizing  a 
thick  film  network  with  welded  carbon  wires 
demonstrating  the  design  features  to  be  used  on  the  high 
density  harp. 

•  A  potted  vacuum  feedthrough  was  demonstrated  during 
the  fabrication  of  a  collector2. 

•  A  TKN  test  pattern  has  been  designed  and  fabricated 
successfully  demonstrating  the  0.15  mm  X  0.23  mm 
oval-shaped  through-hole  via  geometry  . 

•  Layout  of  the  high  density  harp  TKN  is  nearly  complete. 
Fabrication  of  the  high  density  harp  is  scheduled  to  be 
completed  later  this  year. 

REFERENCES 
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Figure  4.  Bonded  carbon  wire 
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Abstract  . 

A  large  number  of  improvements  were  earned -out  on  the 
LEP  Wire-Scanners  in  preparation  for  the  1992  running  period. 
They  include  modifications  of  the  monitors  mechanics  to  decrease 
the  vibrations  and  the  heating  of  the  wire  by  the  beam  generated 
electromagnetic  fields,  improvements  of  the  detector  chain  and  a 
software  re -organization  at  the  various  levels  far  better  noise 
rejection,  improved  user  interface  and  "off-line”  data  analysis 
capabilities.  It  is  now  also  possible  to  acquire  the  profiles  of  each  of 
the  sixteen  circulating  bunches,  electrons  and  positrons,  during  the 
same  sweep.  As  a  consequence  of  these  actions  the  quality  of  the 
collected  data  is  much  improved.  The  results  are  presented  and 
discussed. 


1.  INTRODUCTION 


Four  wire-scanners  are  installed  in  LEP  straight  section  1  [1]  to 
provide  transverse  distributions  in  both  horizontal  and  vertical 
planes.  Figure  1  gives  the  lay-out  of  the  monitors  together  with 
their  associated  detectors. 


Fig  l:Thc  LEP  Wire-Scanners  arrangement  and  Optics  Parameters 

One  horizontal  and  one  vertical  monitor  are  symmetrically 
installed  and  are  each  associated  with  two  detectors: 

-a  sv  ntillai<  r  located  behind  a  thin  window,  75  meters 
downstream  ’’.e  wire,  receives  the  Bremsstrahlung  resulting 
from  the  beam-wire  interaction  emitted  at  small  angles  (S.A.).  It 
acquires  the  scan  of  the  associated  beam  (i.e.  e-  profile  from  the 
monitors  located  on  the  e-  injection  side). 

-a  scintillator  installed  against  the  vacuum  chamber  near  to 
the  horizontal  monitor  collects  the  emission  at  large  angles  (L.A.) 
during  the  passage  of  the  counter-routing  beam. 

The  signal  received  by  the  S. A.  scintillators  (1]  is  attenuated  by  4 
orders  of  magnitude  before  transmission  to  a  photo-multiplier 
which  has  a  gain  100  times  smaller  than  that  of  the  L.A.  detectors. 

D.  THERMAL  AND  MECHANICAL  OBSERVATIONS 


Fourteen  wires  have  been  destroyed  from  1989  to  1992,  most  of 
them  in  1989  and  1990.  With  the  exception  of  two  50  jim 
Beryllium  wires,  they  were  36  pm  thick  carbon  wires.  The  Be  wires 
showed  clearly  (1]  that  the  wire  had  melted  over  its  full  length, 
excluding  beam  energy  deposition  as  the  only  destruction 
mechanism.  This  is  confirmed  by  previous  measurements  at  the 
SPS  where  the  wires  survived  higher  intensities  at  comparable 
speeds.  Moreover,  permanent  wire  average  temperature  monitoring 
has  shown  several  interesting  features!  Figure  2): 


o 


o 


o 


o 


o 

Fig.  2:  Long  term  recording  of  wire  resistance  (temperature)  and 
beam  current  with  wires  retracted  in  the  parking  position 

The  temperature  of  the  wires  increase  with  the  stored  current  and 
the  vertical  wires  temperature  increases  lest  than  that  of  the 
horizontal  ones.  This  indicates  that  the  heating  is  of 
electromagnetic  origin,  due  to  the  wake  fields  generated  in  the 
wire  scanner  tanks.  The  vertical  wires  heat  up  less  because  they 
are  retracted  in  a  rectangular  tube  functioning  as  a  waveguide 
below  cut-off.  The  second  evidence  in  favour  of  electromagnetic 
heating  is  the  fact  that  the  wire  temperature  changes  when  beam 
manipulations  modifying  the  bunch  length  take  place  at  constant 
circulating  beam  intensity.  Finally  wire  temperature  recordings 
during  scans  provide  other  evidence  of  heating  by  electromagnetic 
coupling  (  Figure  3). 


Fig.  3:  Wire  resistance  change  during  scans  of  300  pA  an  300  pA 
circulating  beams.  Calculated  temperatures  are  indicated. 

As  the  wire  approaches  the  beam,  a  temperature  increase  starts  at 
approximately  40  mm  from  the  beam  centre,  mainly  due  to  coupling 
to  the  electric  field.  A  steady  state  temperature  is  reached  again 
when  the  wire  is  far  from  the  beam.  This  results  mainly  from  the 
magnetic  field  created  by  the  beam  passing  in  the  loop  formed  ty 
the  wire  and  the  supporting  fork.  The  temperature  increase  of  the 
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horizontal  and  vertical  wires  is  inconsistent,  the  latter  being  too  low 
compared  to  the  former.  Laboratory  tests  have  shown  that 
thermoemission  starts  at  around  1000°C  and  shifts  the  resistance 
measurement  towards  lower  equivalent  temperatures. 
Electromagnetic  heating  of  the  wire  being  established,  the  fork 
construction  was  analysed  for  possible  improvements.  A  coupling 
capacitance  of  a  few  pF  was  fc  _  : tween  the  wire  and  the  fork; 
this  was  created  between  the  aluminium  arm,  the  wire  supporting 
aluminium  piece  and  the  ceramic  insulator  (Figure  4).  Two 
different  types  of  supporting  forks  were  installed  in  early  1991.  The 
first  design  had  a  modified  wire  support  piece  and  ceramic 
transition  pieces  to  decrease  the  coupling  capacitance  (Figure  4). 


Fig.  4:  Wire  supporting  fork  with  original  (top)  and  modified 
(bottom)  wire  holding  and  ceramic  isolating  pieces. 

A  second  design  was  implemented  with  the  whole  supporting 
tubes  made  of  ceramic.  In  1992.  the  wire  length  of  the  combined 
aluminium/ceramic  forks  was  reduced  from  55  to  29  mm.  The 
vertical  wire  with  this  design  broke  twice  in  1992.  The  temperature 
recording  of  the  first  incident  showed  that  it  happened  at  a 
circulating  current  of  2.8  mA;  the  temperature  reached  was  1280°C, 
uncorrected  for  thermoemission.  For  1993,  a  30  pm  quartz  wire  has 
been  installed  in  place  of  the  broken  wire.  Hie  quartz  wire  will 
definitely  break  any  current  loop  leading  to  heating  but  it  may 
experience  high  voltage  breakthroughs  when  passing  through  the 
beam.  Since  1991,  no  wires  with  full  ceramic  arms  were  broken. 

Scans  taken  in  1991  and  1992  are  affected  by  a  shift  of  the  beam 
centre  of  charge  between  the  IN  and  OUT  directions  of  the  order  of 
100  pm.  Laboratory  tests  have  shown  that  it  is  due  to  an  inertia 
induced  movement  of  the  driving  screw  (1J.  This  effect  could  be 
reduced  in  the  laboratory  from  70  to  10  pm  by  using  a  counter-pin 
pushing  on  the  free  end  of  the  driving  shaft.  This  modification 
could  not  be  implemented  for  the  1993  LEP  start-up. 

□I.  LOW  LEVEL  AND  APPLICATION  SOFTWARE 

The  basic  software  design  used  in  1992  was  unchanged  from 
1991.  Amongst  the  various  data  structures  exchanged  between  the 
local  equipment  server  and  the  application,  the  PROFILE  structures 
(one  per  profile)  hold  all  the  signals  relative  to  a  given  bunch 
received  from  the  photo-multiplier.  If  their  initial  analysis  (sigma 
processing  within  the  server)  is  successful,  these  data  are  trimmed 
to  +/-  4  sigmas;  otherwise  the  entire  profile  is  stored  for  more 
detailed  "off-line"  analysis.  An  analysis  failure  usually  occurs  when 
all  signals  are  hidden  within  the  noise.  However,  even  with  a  good 
signal  level  the  fit  results  (mainly  the  standard  deviation)  are  noise 
dependent.  In  order  to  cope  with  this,  two  different  methods  have 
been  tested ; 


-  a  simple  rms  calculation  over  the  whole  profile  followed  by  a 
second  iteration  over  a  limited  window 

-  a  more  refuted  gauss ian  fit  providing  a  chi-squared 
minimization  on  all  data  above  10%  of  the  maximum  amplitude. 

The  later  technique  it  leas  noise  sensitive  but  is  also  less  accurate 
when  the  distribution  is  not  gaussian.  For  the  future  runs  the 
results  of  both  the  rms  processing  and  the  gaussian  fit  will  be 
forwarded  to  the  application  for  systematic  comparisons. 

The  application  interface  has  also  been  upgraded  for  1993  owing 
to  the  availability  of  more  powerful  graphic  tools.  It  will  be 
possible  to  display  simultaneously  up  to  eight  circulating  bunch 
profiles  (of  the  same  beam  or  of  the  two  e+/e-  beams)  and  to 
display  IN  and  OUT  profiles  relative  to  a  given  scan  on  the  same 
plot.  These  modifications  added  to  better  "off-line”  analysis 
facilities  will  ease  the  interpretation  of  results. 

IV.  RESULTS  AND  DISCUSSION 

A  scan  is  systematically  performed  in  the  IN (beam)  and  OUT(of 
beam)  directions.  As  a  result,  two  profiles  are  measured  and  can  be 
compared  each  time  a  sweep  is  triggered  in  a  given  plane.  The 
wire  position  (x  axis)  is  in  millimeters  whereas  the  y  scale  unit  is 
arbitrary  and  depends  on  the  monitor  gain  setting. 

HORIZONTAL  PLANE; 

In  this  plane  the  signal  received  by  the  S.A.  detectors  is  excellent 
and  provides  good  gaussian  fits  of  the  bunch  profiles.  This  is 
illustrated  on  Figure  S  in  the  case  of  a  positron  bunch  analysed 
with  the  monitor  located  on  the  positron  side.  Standard  deviations 
from  both  scan  directions  are  in  agreement  within  +/-  1.3%. 


<x>(mm)  3.660  3.649 

sigma  (mm)  .475  .463 

Fig  5;  IN  and  OUT  profiles  and  fit  results  of  a  position  bunch 
scanned  with  the  He+  monitor  and  analysed  with  the  S.A.  detector 
at  the  window 

Another  S.A.  detector  (chateau)  located  fifteen  meters  downstream 
from  the  Bremsstrahlung  radiation  extraction  window  was  also 
used  in  order  to  investigate  eventual  acceptance  problems  and 
effects  of  background  close  to  the  vacuum  chamber.  This  detector 
was  shifted  radially  which  gave  better  shielding.  Its  response  is 
given  on  Figure  6  for  the  same  bunch  . 


sigma(mm)  .499  .479 

Fig  6;  IN  and  OUT  profiles  and  fit  results  of  the  same  bunch  from 
the  S.A.  detector  located  15  meters  downstream  from  the  window 
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Between  the  IN  aid  OUT  directions  the  agreement  is  +/- 2%  end 
both  S~A.  detec  ton  give  the  same  standard  deviation  within 
*/-2.1% 

The  response  of  the  LA.  detec  ton  is  less  good.  The  signal  to  noise 
ratio  at  large  angle  is  less  favourable  and  a  compromise  must  be 
found  between  the  shielding  depth  protecting  the  scintillator 
dram  background  and  the  signal  level  to  be  analysed.  In  order  to 
reduce  the  background  noise  10  mm  of  Lead  was  necessaiy. 
However  some  saturation  then  started  to  affect  the  photo¬ 
multiplier  in  the  peak  region  (Figure  7) 


<x>(mm)  1.716  1.729 

sigma(mm)  .S06  .303 

Fig  7:  IN  and  OUT  profiles  and  fit  results  of  the  same  bunch 
scanned  with  the  He-  monitor  and  analysed  with  the  L.A.  detector. 


Fig  9:  Initial  distributions  from  IN  and  OUT  profile  analysis : 

+:  IN  direction ,  a:  OUT  direction , - :  fitted  profile . 

The  gaussian  fits  of  profiles  Gram  the  S.A.  detectors  provide 
emittance  values  of  0.9nm  to  1  nm  in  the  vertical  plane  and  14nm 
to  15  nm  horizontally.  The  precision  achieved  is  a  few  per  cent  in 
the  horizontal  plane.  Vertically  the  results  are  not  so  accurate  as 
long  as  blow-up  effects  are  not  properly  eliminated. 

V  COMPARISON  WITH  S.R.  MONITORS 


The  fit  results  provided  by  both  directions  agree  very  well  but  lead 
to  standard  deviations  5%  higher  than  the  S.A.  detectors.  The 
different  average  positions  indicate  that  the  beam  trajectory  is 
different  at  the  e+  and  at  the  e-  monitors. 


VERTICAL  PLANE: 

Typical  profiles  performed  using  the  vertical  monitors  are  shown 
on  Figure  8  for  the  S.A.  detectors. 


<y>(mm)  -0.614  -0.621 

sigma(mm)  .260  .281 

Fig  8:  IN  and  OUT  profiles  and  fit  results  of  an  electron  bunch 
scanned  with  the  Ve-  monitor  and  analysed  with  the  S.A. 
detector  at  the  window. 

Vertical  profiles  are  usually  affected  by  blow-up  effects  resulting 
Grom  Coulomb  Scattering  of  the  beam  through  the  wire.  Taking  the 
emittance  ratio  in  LEP  and  the  present  monitor  performances  these 
effects  can  now  be  neglected  in  the  horizontal  plane  at  46  GeV. 
They  dilute  mainly  the  second  half  of  the  vertical  scan  (positive  and 
negative  sides  for  respectively  the  IN  and  OUT  directions  )  as  can 
be  seen  on  Figure  8.  Hence,  a  direct  gaussian  fit  provides  a  too 
pessimistic  result.  By  modelling  this  effect  and  analysing  the  non- 
perturbed  halves  of  the  IN  and  OUT  profiles  [1],  it  is  possible  to 
reconstruct  the  initial  distribution.  An  example  of  the  results  is 
given  on  Figure  9.  A  reduction  of  the  rms  value  by  10%  to  20%  is 
then  observed  with  respect  to  the  fit  of  the  entire  measured 
distribution.  However  this  method  still  suffers  Grom  the  random 
mechanical  effects  (section  II)  and  from  timing  imprecision!. 
Therefore  it  cannot  be  used  systematically. 

The  LA.  detectors  suffer  from  a  lack  of  signal  in  the  case  of 
vertical  profiles  u  they  are  located  near  to  the  H  monitors  (Figurel) 
five  meters  downstream  from  the  vertical  ones. 


These  figures,  can  be  used  to  calibrate  the  U.V.  telescopes 
[2].The  agreement  between  the  two  devices  is  disturbed  by  parasitic 
effects  which  must  be  considered;  they  are  at  locations  in  the 
machine  where  the  optics  are  not  the  same  and  where  beam 
dynamical  effect!  are  different  (for  example  coupling).  This  can 
account  for  discrepancies  of  around  20%.  Same  30Hz  noise  also 
disturbs  the  two  devices  differently  as  they  have  different  inodes 
of  acquisition 

VI.  FUTURE  UPGRADES  AND  CONCLUSION 

Several  steps  will  be  taken  to  improve  wire-scanner 
performances  in  addition  to  the  ones  discussed  in  section  II.  The 
mechanics  will  be  modified  to  reduce  the  shift  between  the  two 
directions.  It  has  also  been  considered  to  add  to  each  monitor  a 
wire  rotated  by  45  degrees.  This  will  allow  a  better  evaluation  of 
the  tilt  effects.  The  electric  noise  level  will  be  reduced  in  the  wire 
scanners  environment  by  installing  filters  on  adjacent  motorised 
devices.These  improvements  are  foreseen  for  the  1994  runs. 
Both  the  S.A.  and  LA.  detectors  have  been  modified.  The 
former  will  have  a  better  acceptance  in  particular  close  to  the 
vacuum  chamber  whereas  the  shape  of  the  later  has  been 
reconsidered  to  increase  its  acceptance  and  hence  have  better  signal 
to  noise  ratio. 

Several  software  modifications  will  be  implemented  apart  from 
the  availability  of  the  new  application  (section  III).  An  interlock 
will  prevent  any  scans  above  a  given  circulating  beam  current  and 
temperatures  will  be  systematically  recorded  during  wire  sweeps. 
The  timing  will  be  upgraded  so  as  to  lower  the  uncertainty  in  the 
absolute  position  reference  between  IN  and  OUT  scans  from  50  p 
m  down  to  10  pm  (rms). The  wire  status  will  also  be  monitored  in 
permanence. 

Resulting  from  these  modifications  we  expect  to  have  the  same 
level  of  performance  in  both  the  horizontal  and  vertical  planes. 
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Beam  Size  Measurements 
with  Noninterceptive  Off- Axis  Screens 


F.-J.  DECKER,  R.  BROWN,  J.T.  SEEMAN 

Stanford  Linear  Accelerator  Center *  Stanford,  California  94S09 


Abstract 

At  the  end  of  the  Stanford  Linear  Accelerator  the  trans¬ 
verse  distributions  of  small  electron  and  positron  beams 
(<r  «  100 pm)  are  measured  by  profile  screens.  To  avoid 
constant  interception  and  emittance  blow-up  of  the  pro¬ 
duction  beams,  the  beams  are  deflected  with  fast  magnets 
on  to  off-axis  screens.  One  in  a  1000  pulses  is  deflected. 
The  required  and  achievable  resolutions  are  described  in 
another  paper  [1].  Here  we  concentrate  more  on  the  mag¬ 
nets,  the  screen  set-up,  the  readout,  and  signal  process¬ 
ing  of  the  video  data.  Together  with  the  kicker  magnet, 
two  PCs,  one  for  electrons,  one  for  positrons,  are  trig¬ 
gered  recording  the  next  frame  of  the  camera.  Hardware 
and  software  process  this  information  quickly  producing  a 
color-enhanced  picture  which  is  displayed  in  the  control- 
room.  With  the  resulting  visual  and  digital  information, 
the  wakefield  tails  of  the  beam  can  be  compensated  using 
orbit  oscillations.  Minute  by  minute  variations  and  slow 
drifts  of  the  beam  are  recognizable. 


1  Introduction 

The  transverse  density  distribution  of  a  beam  can  be  ob¬ 
tained  from  an  image  of  a  beam  which  hits  a  fluorescent 
screen.  Normally  a  screen  is  moved  into  the  beam  line  for 
observation  disrupting  the  beam  for  the  downstream  use. 
Here  we  present  a  set  up  which  routinely  obtains  the  beam 
distribution  without  effectively  disturbing  the  downstream 
operation  of  the  accelerator.  This  is  achieved  by  kicking 
one  out  of  many  beam  pulses  on  to  an  off-axis  screen. 


2  Set  Up  of  the  Off-Axis  Screens 

The  set  up  consists  of  kicker  magnets,  off-axis  screens  and 
the  optical  system  to  the  remote  cameras. 

2.1  Kicker  Magnets 

At  the  end  of  the  SLC-linac  four  "kicker”  magnets  are 
installed  at  betatron  phase  advances  of  0°,  22.5°,  90°  and 
112.5°.  A  pulse  with  a  peak  current  of  600  A  and  a  rise 
and  fall  time  of  1  ms  each  provides  a  beam  offset  of  6  mm 
at  the  downstream  fluorescent  screens  which  are  about  2 
to  3  mm  off  axis  (Fig.  1). 


'Work  supported  by  the  Department  of  Energy  contract  DE- 
AC03- 78SF005 X 5 . 


Figure  1:  Principle  Set  Up  of  the  Off-Axis  Screens. 

A  pulsed  dipole  ( kicker )  magnet  deflects  one  out  of  many 
beam  pulses,  going  to  interaction  point  for  collision.  This 
one  pulse  (electron  and  positron  bunch)  hits  the  nearby  off- 
axis  screens. 


For  one  out  of  960  pulses,  this  is  every  eight  seconds 
at  120  Hz,  one  of  the  kickers  bends  the  beams  (electrons 
and  positrons)  onto  two  screens.  Eight  seconds  later  the 
next  kicker  fires  and  bo  on,  till  the  beams  have  hit  all  eight 
screens.  With  the  measured  sizes  the  emittance  ellipse  in 
phase  space  can  be  calculated. 


2.2  Screens 

The  self-supporting  screens  are  120  /jm  thick  and  made  out 
of  AljOs:Cr  which  emits  light  at  695 nm.  They  are  tilted 
by  an  angle  of  60°  with  respect  to  the  beam  so  that  the 
beam  size  is  magnified  by  a  factor  of  two.  The  tilt  angle 
is  either  in  z  or  y  to  enlarge  the  spot  dimension  with  the 
smaller  /2-function.  Holes  of  340  ^m  diameter  are  drilled 
into  the  screens  in  a  pattern  of  3  by  2  mm  for  calibration 
purposes. 

The  resolution  of  the  12  m  long  optical  system  is  dis¬ 
cussed  in  another  paper  [1],  here  we  will  give  only  a  sum¬ 
mary  of  the  different  sources  contributing  to  the  resolution 
(Tab.  1).  The  resolution  of  50 pm  is  subtracted  in  quadra¬ 
ture.  In  the  60°  case  the  beam  showed  that  a  25  /im  resolu¬ 
tion  is  more  reasonable.  This  indicates  that  the  material  is 
not  as  transparent  under  beam  conditions  as  in  the  labora¬ 
tory  tests.  This  might  come  from  high  radiation  damage. 

For  flat  beams  used  in  the  current  operation  the  ex¬ 
pected  vertical  beam  sizes  are  o,  =  y/e,P  =  30  (45)  /im, 
with  ye,  =  0.3  •  10"5m-rad  and  f3min,(mas)  =  25(50)m. 
This  is  comparable  with  the  resolution  of  the  system. 
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Table  1:  Resolution  Contributions  in  pm. 

Different  components  of  an  optical  system  contribute  to  the 
overall  performance.  Here  the  tr-resoluiion  in  beam  sizes 
are  shown  for  no  angle  and  a  60°  angle  to  the  beam  making 
most  of  the  resolutions  twice  as  good.  The  camera  (c)  has 
a  line  resolution.  If  the  screen  is  transparent,  the  thickness 
(t)  of  the  screen  has  a  big  effect.  The  diffraction  limit  of 
the  optical  system  (o)  and  the  granularity  (g)  of  the  screen 
gives  further  limitation.  The  overall  resolution  (T.)  is  about 
50 ptm  in  both  cases. 

3  Cameras,  Electronics  and  Com¬ 
puter 

The  images  from  the  screens  are  processed  with  cameras, 
cables,  combining  boxes  and  readout  computers. 

3.1  Initial  Set  Up 

The  initial  set  up  had  eight  RCA  TC  2521U  (Ultracon) 
cameras  and  two  signal  switching  boxes  each  combining 
the  four  camera  signals  of  one  beam  (e.g.  electrons).  The 
video  signal  was  sent  over  two  RG  59  cables  to  two  PCs  in 
the  control  room.  In  thic  system  three  problems  occurred 
which  could  be  localized  to  the  switch  box:  (1)  Non-linear 
signal  behavior,  (2)  a  non-synchronization  to  the  beam  ar¬ 
rival  resulting  in  half  the  beam  spot  bright  the  other  half 
dimmer  in  the  vertical,  and  (3)  a  loss  of  half  the  video  lines 
and  therefore  resolution. 

This  set  up  was  changed  to  newer  CCD  cameras  (COHU 
4810),  eight  1/2’  solid  shield  aluminum  CATV  transfer  ca¬ 
bles  and  a  multiplexed  readout  card  in  the  computer.  This 
system  will  be  described  further. 

3.2  Cameras 

The  cameras  should  have  sufficient  spatial  resolution,  and 
a  good  linear  or  square  root  of  amplitude  (Gamma  =  0.5) 
response  over  a  wide  dynamic  range.  One  sigma  of  a 
Gaussian  distribution  corresponds  to  a  modulation  trans¬ 
fer  function  (MTF)  value  of  about  60%.  With  250  TV 
lines  at  that  value  and  an  image  area  of  8.8  *  6.6  mm  a 
resolution  of  about  30  pm  (6.6  mm/250)  is  achieved  (sim¬ 
ilar  to  the  old  camera).  The  dynamic  range  or  signal-to- 
noise  ratio  of  55  dB  (compared  to  44  dB)  should  give  some 
improvements.  Fig.  2  shows  the  response  of  an  LED  spot 
with  linear  and  Gamma  =  0.5  setting  showing  that  the  full 
dynamic  range  is  achieved  for  the  0.5  value.  Recent  mea¬ 
surements  have  shown  that  for  Gamma  =  0.5  the  response 
curve  is  not  exactly  the  predicted  one,  giving  different  size 
for  different  intensities. 


P I  I  •  »  Pr-oT  i  I  •  * 


Figure  2:  Signal  Response  for  Gamma  =  1  and  0.5. 

An  LED  spot  (asymmetric)  on  the  camera  was  read  out 
with  a  Gamma  setting  of  1  ( linear )  and  0.5  (y/intenstty). 
The  intensity  over  the  spot  is  plotted  in  logarthmic  scale 
versus  the  pixel  number.  For  a  Gaussian  spot  this  should 
give  a  quadratic  behavior  (or  x4  for  Gamma  =  0.5)  down 
to  the  noise  level. 

3.3  Computers  and  Cards 

The  new  cables  to  the  computers  reduced  a  frequency  de¬ 
pendent  loss  of  7dB  down  to  less  that  ldB  at  higher 
frequency  (10  MHz).  The  8-channel  video  multiplexer 
(DT2859)  from  Data  Translation  [2]  switches  from  one 
screen  to  the  next  one  corresponding  to  a  bit  pattern  from 
the  kickers  fed  into  the  parallel  input/output  (printer)  port 
of  the  486  PC.  The  frame  grabber  (DT2861)  in  the  PC  is 
triggered  externally  to  acquire  a  picture  (or  several  con¬ 
secutive)  from  the  camera.  An  array  processor  card  allows 
“hardware”  calculations,  for  example  averaging  over  the 
surrounding  pixels  (7*7  convolution)  in  1.7  s.  (This  took 
30  (3)  min  on  a  386  PC  without  (with)  a  co-processor.) 

3.4  Program 

The  program  was  written  in  C  with  DT-IRIS  subrou¬ 
tines  [2].  Since  this  package  doesn’t  support  printout  from 
a  stored  picture  another  program,  Image-Pro,  is  used.  The 
initial  program  had  many  features  to  handle  the  hardware 
status:  It  had  to  decide  which  screen  was  hit,  adjust  the 
gain  (varying  combining  box  signal),  judge  from  the  size 
pattern  whether  it  is  an  electron  or  a  positron  beam  (this 
is  still  used),  resynchronize  if  the  beam  went  away  (1Hz 
suppresses  the  kicker  trigger)  and  averaged  over  five  video 
frames.  Additionally,  there  are  different  test  bits  possi¬ 
ble  which  generate  design  beam  spots,  take  old  saved  raw 
data  for  processing  or  generate  a  movie  like  sequence  were 
wakefield  tails  are  developing  in  phase  space. 

The  main  design  criteria  for  the  program  were  the  fol¬ 
lowing  features:  It  should  provide  a  color  enhanced  video 
signal  of  four  spots  per  beam  which  should  show  low  in¬ 
tensity  parts  of  the  beam  tails.  It  should  also  provide  the 
sizes  and  emittances  of  the  beams  and  display  them. 

Colored  Display.  The  display  consists  of  a  color  table 
with  16  colors  and  black  lines  in  between.  These  lines  have 
two  advantages:  They  help  visual  acuity  and  also  provide 
contour  lines  for  a  black  and  white  printout  like  for  this 
paper.  With  this  table  and  a  linear  camera  response  the 
smallest  recognizable  level  would  be  6  %  of  the  peak  value. 
Therefore  the  input  table,  which  transforms  the  camera 
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signal  heights  into  255  numbers,  was  changed  to  square 
root  of  intensity  (not  necessary  if  Gamma  =  0.5  at  the 
camera).  This  should  make  tails  and  beam  halos  down  to 
0.5%  visible.  A  further  enhancement  makes  background 
noise  like  stripes  and  waves  on  the  picture  visible. 

To  suppress  backgrounds  one  picture  frame  is  acquired 
and  a  few  frames  later  a  background  frame,  which  is  sub¬ 
tracted  from  the  first  one.  The  result  is  scaled  and  convo¬ 
luted  over  6*6  pixels  which  reduces  pixel  noise  and  washes 
out  the  difference  between  the  two  interlaced  fields  of  one 
frame  (beam  spot  decays  or  camera  changes  gain).  Ad¬ 
ditionally,  the  spots  are  centered  in  their  respective  quad¬ 
rants  of  the  video  image  and  projections  in  z  and  y  plotted, 
indicating  also  the  center  and  the  symmetric  one  sigma 
points. 

Sizes  and  Emittance  Values.  The  sizes  are  extracted 
out  of  the  projections  in  x  and  y.  Since  the  background 
subtraction  is  not  perfect  and  the  convolution  produces 
non-zero  values  near  the  boundary,  a  simple  rms  calcula¬ 
tion  wasn’t  correct.  A  non-linear  fit  with  a  Gaussian  (or 
asymmetric)  function  would  have  been  the  right  thing  if 
there  were  no  constrains  in  speed.  Therefore  the  following 
method  is  used.  The  peak  center  is  defined  as  the  average 
of  all  values  90  %  of  the  maximum  and  higher.  From  this 
center  the  right  and  left  sigma  is  achieved  by  averaging  all 
values  between  48  and  72  %  on  one  side  of  the  maximum 
(linear  scale).  This  was  checked  with  some  generated  dis¬ 
tributions.  It  is  very  fast  and  also  very  robust  to  strange 
beam  distributions.  The  <r  of  the  beam  is  the  average  of  the 
left  and  right  sigmas  minus  the  resolution  of  50  (25)  pm  in 
quadrature.  The  results  are  displayed  in  the  corners  of  the 
TV  image  in  pm  (SX=<r,,...  see  Fig.  3).  The  asymmetry 
or  tails  of  the  beam  is  given  by: 


T  _  <7R  -  <*L 

or  +  ol 


(1) 


for  one  spot.  The  numbers  TX,  TY  give  the  average  of  the 
two  top  or  two  bottom  spots.  Positive  numbers  represent 
a  tail  to  the  top  and  right  on  the  left  screens  (left  on  the 
right  screens,  mirror  image). 

The  normalized  “emittance”  ye  at  each  screen  is  calcu¬ 
lated  by 

7*  =  7j,  (2) 

where  /?  is  the  /9-function  at  the  screen  and  7  =  90  000  the 
relativistic  Lorentz  factor.  The  results  are  shown  in  the 
middle  of  the  left  and  right  side  in  mm-mrad.  This  infor¬ 
mation  indicates  a  mismatch  of  the  beam  or  problems  with 
the  calibration  of  each  camera.  The  arithmetic  average  of 
all  four  numbers  will  give  Bmag*emittance  since  there  sure 
two  pairs  of  two  screens  being  90°  apart  [3].  Bmag  is  a 
factor  indicating  the  emittance  blow-up  of  a  mismatch  af¬ 
ter  filamentation.  These  emittance  numbers  (EX,  EY  in 
mm-rad)  are  in  the  center  of  the  display.  Above  them  is 
an  averaged  number  for  z  and  y  of  20  good  measurements. 
These  numbers,  together  with  size  and  tail  values,  go  to  the 
VAX  control  computer  via  a  DAC  card  in  the  PC.  There 
they  are  put  into  history  buffers. 


Figure  3:  Flat  Beam  Spots. 

The  normally  colored  pictures  show  the  transverse  distri¬ 
bution  of  the  electron  beam  at  the  end  of  the  SLC-linac. 
The  flat  beam  set  up  resulted  in  emittances  of  = 

27(6)  mm-mrad  (see  center  of  picture). 

4  Measurements 

Fig.  3  shows  an  example  for  flat  beams.  The  emittance 
ratio  is  about  5:1  at  the  end  of  the  linac.  This  measurement 
was  done  with  low  currents  (<  2  •  1010  particles)  and  a 
longer  store  time  in  the  damping  ring.  This  example  is 
near  the  resolution  limit  for  y. 

Often  one-sided  asymmetries  (wakefield  tails)  occur 
which  can  easily  be  seen  on  these  screens.  Control  of  the 
tail  is  made  by  introducing  betatron  oscillations  with  a  cer¬ 
tain  phase  and  amplitude,  so  that  no  tails  sue  visible  [4]. 

5  Conclusion 

Non-interceptive  off-axis  screens  give  a  continuous  infor¬ 
mation  of  the  beam  distribution,  size  and  emittance  at  the 
end  of  the  SLC-linac. 
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Resolution  Improvement  in  Beam  Profile  Measurements  with 

Synchrotron  Light 

O.V.Chubar,  Moscow  Engineering  Physics  Institute,  1 15409  Moscow,  Russia 


Abstract 

Numerical  method  for  improving  optical  resolution  in 
electron  beam  profile  measurements  with  visible 
synchrotron  radiation  (SR)  is  proposed.  Image  formation  of 
election  beam  profile  is  described  by  integral  convolution- 
type  equation  of  the  first  kind  -  the  diagnostic  equation. 
Precise  procedure  of  computing  the  equation  kernel  in  terms 
of  classical  electrodynamics  is  presented.  With  this 
procedure  special  features  of  the  SR  emission  and 
diffraction  scheme  peculiarities  may  be  taken  into  account. 
Numerical  regularized  solution  of  the  diagnostic  equation  is 
shown  to  lead  to  the  resolution  improvement.  The  technique 
is  supposed  to  be  beneficial  in  high-energy  storage  rings. 

I.  INTRODUCTION 

Visible  SR  is  much  used  as  a  tool  for  beam  profile 
measurements  in  synchrotrons  and  storage  rings  [1]  -  [4]. 
Fig.l  shows  traditional  layout  of  the  measurements.  Also, 
an  extracting  mirror  absorbing  short-wavelength  SR  is 
optionally  used. 


Figure  1.  Scheme  of  measurements. 

1-  beamline;  2-  focusing  lens  and  limiting  diaphragm;  3-  neutral 
light  filters;  4-  monochromatic  filter;  5-position-scnsitive  detector. 

Unfortunately,  in  high-energy  electron  storage  rings  the 
diffraction-limited  spatial  resolution  may  be  comparable 
with  transversal  beam  dimensions  [3],  [4].  Beam  profile 
image  may  also  be  distorted  by  aberrations,  for  example 
those  resulting  from  thermal  deformation  of  the  extracting 
mirror. 

If  one  can  precisely  describe  the  formation  of  beam 
profile  image,  then  one  can  improve  the  optical  resolution 
mathematically,  by  numerical  processing  of  the 
measurement  results.  In  this  paper  a  diagnostic  equation 
describing  the  image  formation  is  treated.  Technique  for 
precise  computation  of  the  equation  kernel  is  proposed. 
Results  of  simulation  illustrating  the  numerical  solution  of 
the  diagnostic  equation  are  exhibited. 

II.  DIAGNOSTIC  EQUATION 

Detector  response  is  proportional  to  the  intensity  of 
incident  radiation.  The  visible  SR  emitted  by  different 
electrons  is  known  to  be  dominantly  incoherent  in  electron 
storage  rings,  if  longitudinal  bunch  length  is  larger  than 
micrometers.  The  beam  profile  image  formed  by  focusing 
lens  is  insensitive  to  angular  divergences  of  the  emitting 
beam.  Let  x  and  z  to  be  transversal  Cartesian  coordinates  in 
the  object  plane  (i.e.,  in  the  plane  the  lens  is  focused  on). 


and  jr*.  z*  to  be  coordinates  of  a  point  in  the  detector 

screen.  In  line  with  the  assumptions  made,  if  rt(x,z )  is 

transversal  distribution  of  particle  density  in  the  object 

plane,  then  the  intensity  distribution  in  the  detector  screen 

I(x*,z*)  is  related  with  n(x,z)  as 
+  00  +  00 

J  j  n(x,z)K(x,z,x',z')dxdz  =  /(x*,z‘)  ,  (1) 

—00—00 

where  K(.x,zjc* ,z*)  is  radiation  intensity  at  observation  point 
(x*,z*)  in  the  detector  screen,  which  results  from  passage  of 
a  single  particle  along  trajectory  intersecting  the  object 
plane  at  (x,  z). 

Relations  similar  to  (1)  are  commonly  used  in  optics  to 
describe  image  formation  of  extended  incoherent  source  [5]. 
Function  K(x,zjc*,z*),  being  known  from  physical 
consideration,  and  /(x*,z*),  being  determined  by  the 
detector,  allow  to  treat  relation  (1)  as  the  integral  equation 
of  the  first  kind  with  respect  to  n(x,z)  -  the  diagnostic 
equation.  In  practice  l(x*,z*)  is  averaged  within  detector 
exposure  time,  so  n(x,z)  should  be  considered 
correspondingly. 

To  define  the  kernel  K(x,zjc*,z*),  let  us  start  from  the 
Fourier  transformation  of  electric  field  emitted  by  single 
electron  in  its  motion  along  the  trajectory  r(r),  the  relation 
one  can  easily  obtain  from  delayed  potentials  [6]  for 
observation  point  P(r')  in  space  before  lens, 

Ea  =  ^  y^^exp  [rru(  r  +  R/c)]dr,  (2) 

where  P  =  (dr /dr)  /  c  is  relative  velocity  of  electron, 

n  =  R/R,  R  =  f  -r,  R  =IRI,  co  is  radiation  frequency,  e  is 
the  charge  of  electron,  c  is  the  speed  of  light,  i  is  unit 
imaginary  number.  Eq.  (2)  is  valid  at  [c/(a>/?)]«l. 

Two  wave  disturbances  corresponding  to  a-  and  n- 

components  of  may  be  sufficiently  considered  in  wave 
zone.  For  ultra-relativistic  particle,  the  general  contribution 
to  the  integral  (2)  takes  place  at  l/y«l;  the  radiation  is 
directed  mainly  forward  (lnj«l,  lnxl«l)  [6],  [71. 

Therefore  the  a-  component  wave  disturbance  may  be  given 

by  the  expression 
+  ® 

U<r  *  c  J  n ^  exp[/£u{  t  +  R/c)]dr,  (3) 

-co 

where  C  is  constant.  Here  and  later  on,  the  n-  component 
expression  is  not  presented:  it  may  be  readily  written  by 
direct  analogy. 

Eq.  (3)  may  be  regarded  as  superposition  of  disturbances 
from  motionless  coherent  point  sources  arranged  on  the 
electron  trajectory,  each  disturbance  phase  and  magnitude 
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being  defined  by  the  position  of  corresponding  hypothetical 
source.  A  diffraction  integral  (see  [5]),  which  allows  to 
calculate  the  source  contribution  to  the  total  disturbance 
value  at  point  P(r*)  on  the  detector  screen,  can  be  written 
for  each  source.  The  total  disturbance  is  given  by  the 
expression 

U;  =C‘  JdrJ^^-exp^(r)  +  y(S-«"+'F)Jfi:.  (4, 

where  function  g(f)  describes  individual  initial  phase  of 
each  source,  the  value  adequate  to  the  image  space;  R”  is 
reference  sphere  radius  (see  Fig.2);  S  is  distance  between 
the  observation  point  P*  and  point  F  in  the  reference 
sphere;  ¥  is  total  wave  aberration;  C*  is  constant.  The 
inner  integration  in  Eq.  (4)  is  on  the  reference  sphere  within 
lens  diaphragm. 


Figure  2.  Diffraction  scheme. 

1-  electron  trajectory;  2-  lens  diaphragm  plane;  3-  detector  plane; 
4-  wave  front;  5-  reference  sphere. 

If  sufficiently  narrow  monochromatic  filters  are  used, 
then  the  diagnostic  equation  kernel  is  defined  as 

K(x,z,x-,z')  =  \K\2  +\u:\\  (5) 

The  functions  involved  in  Eq.(4)  may  by  determined 
from  the  measurement  geometry.  Using  angular  variables  of 
reference  sphere  integration,  horizontal  one  4  20(1  vertical 
one  Q,  and  applying  the  expansions  of  all  the  phase 
functions  in  Eq.(4)  in  terms  of  these  small  values,  one  can 
obtain  for  the  radiation  from  bending  magnet 

+oo  £ 

K  «  C"  J <tyexp(t/"o )  j(nx  -  px  )exp(i/^  +  if#£?  )d£  x 

-*>  -i 

X  Jexpoy^  +  )d£  (6) 

-< 

where  the  azimuth  tj>  is  used  as  angular  integration  variable 
instead  of  r  ;  C**  is  constant.  The  phase  expansion  coef¬ 
ficients  /o,  /*,  f(,  fg.  fK  depend  on  <t>. 

Numerical  estimations  of  high-order  term  contributions 
show  that  approximation  (6)  allows  to  compute  the 
diagnostic  equation  kernel  with  a  precision  of  order  0.5%. 

According  to  Eq.(6),  variables  4  and  4  are  uncoupled 
under  the  external  integration  on  <f>  if  the  limits  J  and 
are  constants;  that  essentially  simplifies  computation.  Eq.(6) 
was  written  in  assumption  of  small  lens  aberrations. 
Nevertheless,  even  if  a  large  4  *  independent  aberration 
takes  place  (for  instance,  the  aberration  due  to  thermal 


deformation  of  extracting  mirror),  the  uncoupling  structure 
of  Eq.(6)  retains. 

The  problem  on  optical  resolution  in  beam  profile 
measurer.' -nts  was  discussed  in  [3],  [4],  where  diffraction  of 
synchrotron  radiation  and  depth-of-field  effect  were 
considered  separately.  The  method  under  discussion  allows 
to  treat  these  effects  as  single  phenomena  closely  related 
with  nature  of  synchrotron  radiation. 

In  the  computations  discussed  below,  the  coefficients  /0, 
/$  fi(  were  determined  from  exact  geometrical 

relations.  But  it  would  be  well  to  consider  approximate 
values  of  the  coefficients.  It  is  obtainable, 

/„  /{  —  (*' -m^x); 

2o>0  2<o0  c  ^ 

f{  (z‘ f(ta  pz  *  <f>, 

c  2o)0 

where  coq  is  cyclotron  frequency,  y  is  the  reduced  energy  of 
electron  (y»l);  mo  is  transversal  optical  magnification. 

By  analogy  with  unfocused  SR,  the  cubic  term  in  f0  may 
be  shown  to  prevail  at  ax<(oc  (a>t  =3^/2  is  critical  SR 
frequency).  Using  the  corresponding  normalization  in  Eqs. 
(6).  (7),  one  may  see  that  if  an  acceptance  angle  is 
im0i£  <<  (cuJcoyK.  then  the  vertical  diffraction  is 
Fraunhofer's  one  with  the  resolution  of  order  c/(<yim0if), 
whereas  at  im0lf>>  the  optical  resolution  has  the 

order  of  c/(®2®0)l/J- 

Eqs.  (5)  -  (7)  show  that 

K(x,zj*,z*)='X{x*-moX,  z*-m <>z),  (8) 


i.e.,  to  certain  accuracy  Eq.(l)  may  be  treated  as  a  con¬ 
volution  type  integral  equation.  Numerical  analysis  shows 
the  accuracy  to  be  better  than  1%  for  high-energy  electron 
storage  rings.  Analytically  the  feature  was  studied  in  [8]. 

Relation  (8)  allows  to  apply  effective  methods  based  on 
the  convolution  theorem  for  the  numerical  solution  of 
Eq.(l).  The  regularized  solution  of  Eq.(l)  may  be  written  as 
follows  [9],  [10]: 


,(j:'Z)  =  7r~7  J  I - r: - r2 - 

(2/r)2  J  J  ~~  J  ,  ~mm/  „  \ 


.(9) 


where  ’K(wx,col)  and  i(a >,,(0^  are  Fourier  transforma¬ 
tions  of  the  kernel  and  the  measured  intensity;  a  is  regu¬ 
larization  parameter;  function  M(<ox,wl)  suppresses  high- 
frequency  component  of  the  detector  noise.  The  solution 
may  be  found  by  iteration  as  well  as  directly  (if  certain  a 
priori  information  on  its  behavior  is  known). 


II.  COMPUTATION  RESULTS 
Computations  of  the  diagnostic  equation  kernel  for 
bending  magnet  radiation  of  2.5  GeV  electron  storage  ring 
Siberia-2  were  performed  according  to  Eqs.  (5),  (6).  The 
kernel  computed  for  radiation  wavelength  X=540nm, 

bending  radius  /o=  1960cm,  distance  from  object  plane  to 
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lens  Z,=700cm,  the  lens  diaphragm  widths  d^=2cm,  dj=6cm; 
mo=-l,  is  shown  in  Fig.3. 


Figure  3.  Diagnostic  equation  kernel. 


The  computation  accounts  only  for  the  a-  component  of 
SR.  Secondary  maxima  inherent  in  Fraunhofer  diffraction 
are  recognizable  in  horizontal  direction.  Corresponding 
maxima  are  absent  in  vertical  direction;  the  distribution  is 
symmetric  with  respect  to  median  plane.  3T(x.z)  is  sensitive 
to  dJL,  dJL,  but  with  these  values  large  enough  the 
sensitivity  eliminates;  it  correlates  well  with  qualitative 
considerations  given  in  previous  chapter. 


Figure  4.  Results  of  simulation  ((a)-  surfaces,  (b)-  level  lines): 

1-  n(x,z);  2-  I(x,z)  deviated  by  noise;  3-  n„(x,z). 

As  an  illustration  to  processing  the  data  on  beam  profile 
measurements,  Fig.4  gives  the  results  of  the  corresponding 
simulation.  The  simulation  was  done  according  to  the 


following  traditional  algorithm;  a  function  n(x,z)  modeling 
the  transversal  distribution  of  particle  density  was  chosen; 
corresponding  SR  intensity  distribution  in  the  detector  plane 
I(x*,z*)  was  computed  by  Eqs.  (1),  (8);  I(x*,z*)  was 
distorted  by  random  noise  assuming  the  detector  dynamic 
range  to  be  100;  the  solution  of  diagnostic  equation,  nj,x,z) 
was  found  for  the  distorted  intensity  by  Eq.  (9)  in 
accordance  with  regularization  technique. 

The  procedure  of  regularized  solution  of  the  diagnostic 
equation  is  equivalent  to  the  use  of  hypothetical  measure¬ 
ment  system  providing  higher  spatial  resolution.  Simulations 
show  the  possibility  of  increasing  the  spatial  resolution  in 
beam  profile  measurements  about  1.5  -  2.5  times  and  even 
more  (the  value  depends  on  detector  dynamic  range,  applied 
regularization  algorithm,  as  well  as  the  solution  behavior). 

III.  SUMMARY 

Proposed  technique  is  expected  to  be  efficient  when 
optical  resolution  in  beam  profile  measurements  is 
comparable  with  actual  beam  dimensions,  as  it  takes  place 
in  high-energy  storage  rings.  The  method  proposed  for 
computation  of  the  diagnostic  equation  kernel  allows  to  take 
into  account  practically  all  main  distortion  sources  in  the 
measurements.  The  technique  may  be  easily  adapted  to 
particular  experimental  conditions. 

I  would  like  to  thank  M.M.Samorukov  and  N.V.Smolyakov 
(Kurchatov  Institute,  Moscow)  for  fruitful  discussions. 
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Abstract 

The  principle  of  the  ionization  spot  size  monitor  built  at 
Orsay  and  installed  at  the  focal  point  of  the  FFTB  line  of 
SLAC  is  reviewed.  Its  constituents  (pulsed  gas  target,  MCP 
ion  detector  and  electronics)  and  their  performances  are  briefly 
described,  together  with  preliminary  background  tests 
performed  at  Orsay. 

I.  INTRODUCTION 

A  beam  size  monitor  of  a  new  type  [1]  built  at  Orsay  to 
measure  the  beam  dimensions  at  the  focal  point  of  the  Final 
Focus  Test  Beam  [2]  (FFTB)  has  been  installed  at  SLAC.  The 
goal  is  to  measure  a  spot  size  of  about  one  micron 
horizontally  and  that  can  be  vertically  decreased  down  to 
60  nm  r.m.s.  in  a  flat  beam  operation.  The  principle  of  the 
measurement  [3,4]  is  based  on  the  transverse  kick  given  to 
ions  by  the  space  charge  field  of  the  electron  beam.  The  ions 
will  be  produced  by  ionization  of  a  pulsed  gas  target  at  the 
focus.  In  a  first  measurement  with  an  Argon  gas,  the  heavy 
Ar+  ions  receive  a  kick  proportional  to  the  electric  space 
charge  field.  The  maximum  velocity  of  these  ions  is 
proportional  to  the  maximum  field  that  is  inversely 
proportional  to  the  beam  dimensions.  The  time  of  flight  of 
the  ions  to  reach  a  detector  has  a  minimum  value  that  scales 
linearly  with  the  radius  of  a  round  beam  (see  Fig.  1).  For  a 
flat  beam,  this  quantity  is  also  slightly  dependent  on  the  beam 
aspect  ratio. 


Figure  1:  The  minimum  time  of  flight  xmin  of  Ar*  ions  vs. 
the  r.m.s.  horizontal  beam  dimension  ox  for  several  aspect 
ratios  R  =  c,  /  oy. 

A  second  measurement,  with  a  Helium  gas,  will  allow  to 
obtain  the  aspect  ratio  and  to  resolve  the  ambiguity  of  the 
first  measurement.  The  light  He+  ions  are  trapped  and 
oscillate  in  the  space  charge  field  during  the  passage  of  the 
beam  pulse.  In  the  case  of  a  horizontally  flat  beam,  the  mean 
oscillation  amplitude  is  larger  in  the  horizontal  direction  than 
in  the  vertical  one.  After  passage  of  the  beam  the  ions  are 


emitted  in  the  transverse  plane  with  an  azimutal  distribution 
peaked  along  the  horizontal  direction.  On  the  contrary,  the 
azimutal  distribution  is  isotropic  in  the  case  of  a  round  beam. 
The  anisotropy  of  the  azimutal  distribution  (see  Fig.  2)  will 
then  give  the  beam  aspect  ratio. 


Figure  2:  The  median  of  the  He+  azimutal  ^-distribution 
between  0°  (hor.  direction)  and  90°  (vert  direction)  in  the 
transverse  plane  vs.  the  beam  aspect  ratio  <sT  /  CTy,  as  given  by 
a  Monte-Carlo  simulation. 

Schematically,  the  Orsay  beam  size  monitor  comprises  a 
pulsed  gas  injection  and  pumping  device,  and  an  array  of 
multichannel  plates  with  spatial  and  time  resolution  to  detect 
the  ions  (see  Fig.  3).  Two  gas  inlets  allow  to  inject  Helium 
and  Argon  gas  into  the  beam  pipe  at  the  focal  point.  The 
injected  gas  is  pumped  rapidly  between  two  successive 
electron  bursts.  The  ions  kicked  by  the  space  charge  field  of 
the  beam  pass  through  a  narrow  slit  inside  a  thick  shielding. 
They  hit  an  octogon  of  microchannel  plate  (MCP)  detectors. 
The  hit  signals,  collected  on  read-out  anodes,  are  analyzed  in 
time  by  fast  ADC's.  The  anodes  are  divided  in  8  strips, 
parallel  to  the  electron  beam,  for  each  of  6  MCP  detectors  and 
16  ones  for  the  two  MCP  detectors  hitted  by  the  ions  emitted 
near  the  horizontal  plane.  The  azimutal  distribution  will  be 
given  by  the  counting  rate  of  these  80  strips.  The  ions  are 
also  longitudinally  deflected  by  an  electric  Held  applied 
between  two  small  electrodes  at  the  exit  of  the  slit.  The  strips 
are  made  resistive  and  are  read  at  each  end  so  that  the  charge 
division  of  a  signal  between  the  two  ends  gives  the 
longitudinal  position  and  the  deflection.  Its  correlation  with 
the  measured  time  of  flight  allows  to  discriminate  ions  of 
different  electric  charges. 

n.  THE  PULSED  GAS  TARGET 

The  two  gas  injectors  are  modified  fast  valves  of  General 
Valve  Co  with  a  minimum  opening  time  of  about  150  (isec. 
Their  shutter  needles  open  two  1  mm  diameter  nozzles  in  the 
wall  of  the  beam  pipe.  The  injected  gas  expands  in  the  pipe 
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Figure  3:  Schematic  view  of  the  beam  size  monitor  :  a)  Transverse  section  at  the  FFTB  focus, 
b)  Longitudinal  section  along  the  beam  line. 


and  its  pressure  reaches  a  maximum  id  the  shutter  closure 
when  the  election  bunch  passes  through.  The  maximum  value 
is  controlled  by  the  opening  time.  It  can  be  varied  in  the  range 
10~6_  io~3  Xorr.  The  upstream  gas  pressure  is  set  around 
one  bar.  The  pulse  of  gas  is  then  pumped  through  the  beam 
pipe  by  the  two  ISO  1/sec  turbopumps  chi  each  side  of  the 
monitor.  The  pressure  decreases  exponentially  with  a 
characteristic  time  of  a  few  milliseconds  (see  Fig.  4  ).  The 
mean  increase  of  the  pressure  in  the  beam  pipe  has  been 
measured,  at  the  point  where  the  pump  pipes  are  connected, 
and  has  been  found  to  be  about  a  factor  200  lower  than  die 
maximum  pressure  at  the  focal  point 


Figure  4:  The  variation  of  the  pressure  P  (in  arbitrary  units)  at 
the  focal  point  in  the  beam  pipe  as  a  function  of  the  time, 
when  a  pulse  of  Helium  is  injected.  The  pressure  has  been 
measured  on  a  full-size  model  of  the  monitor  with  a  fast 
gauge  (Pm ax  =  1*4  x  10""^  T,  Pupstream  =  450  T). 

HI.  THE  MCP  ION  DETECTOR 

Each  detector  is  made  of  8  pairs  of  rectangular  40x50  mm 
MCFs  from  Hamamatsu  Co.  They  deliver  fast  signals 
(~5  nsec)  of  a  few  picocoulombs.  To  calibrate  them  four 
radioactive  a-sources  will  be  located  in  front  of  the  MCFs. 
Fig.  5  shows  a  pulse  heigth  spectrum  obtained  with  these  a- 
rays.  The  position  of  the  peak  is  controlled  by  the  high 


voltage  applied  on  the  MCFs.  It  allows  to  adjust  the  gain  and 
the  electronic  efficiency  of  the  8  pairs  as  required  to  obtain  the 
ion  azimutal  distribution. 


Figure  5:  A  pulse  height  spectrum  (arbitrary  units)  of  a-ray 
signals.  The  resolution  is  77%  FWHM. 

Preliminary  tests  of  the  charge  division  between  the  two 
ends  of  each  anode  strip  have  indicated  a  longitudinal 
resolution  of  about  0.5  mm  r.m.s.  (see  Fig.  6).  It  will  be 
enough  to  discriminate  ions  of  different  charges  that  are 
separated  by  a  few  millimeters  when  a  DC  potential  of  about 
1500  V  is  applied  between  the  two  small  deflecting  electrodes. 

IV.  ELECTRONICS  AND  ACQUISITION 

Each  of  the  160  electronic  channels  (see  Fig.  7)  is  made  of 
a  charge  preamplifier  located  near  the  monitor  followed  by  an 
amplifier  and  a  shaper  at  a  remote  location.  They  have  a 
smooth  gain  saturation  that  avoids  long  dead  time,  after  the 
background  pulse  accompanying  the  beam  (see  Section  5), 
that  would  prevent  the  detection  of  the  first  ions  arriving  on 
the  MCFs.  The  gain  can  also  be  rapidly  changed  by  steps. 

The  shaper  pulses  (30  nsec  long)  are  sampled  by  HAMU 
chips  [5]  (analog  pipelines)  followed  by  8-bit  ADCs  and 


triggered  at  each  electron  burst.  They  run  at  200  MHz, 
delivering  S12  samples,  each  S  nsec  long.  They  give  the  time 
of  each  ion  hit  and  the  amplitude  of  its  signal.  A  Macintosh 
microcomputer  is  used  for  data  acquisition  and  treatment  It  is 
also  used  to  control  the  monitor  hardware  in  connection  with 
the  general  control  of  the  FFTB  line. 


Figure  6:  The  spectrum  of  the  longitudinal  positions  obtained 
with  ions  passing  through  thin  slits  4  mm  apart. 
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Figure  7:  Schematic  diagram  of  a  MCP  pair  with  the  resistive 
anode  strips  and  the  associated  electronics.  Two  read-out 
channels  of  only  one  strip  are  shown. 

V.  LINAC  TESTS 

The  ability  of  MCP's  to  detect  ions  in  the  environment  of 
a  high-energy  electron  beam  has  been  tested  on  the  Or  say 
linac  at  1  GeV  and  bursts  of  a  few  10**  electrons.  The 
background  conditions  were  severe,  probably  more  severe  than 
it  can  be  expected  at  the  FFTB.  However,  the  background 
level  in  the  MCP  detection  set-up  has  been  found  very  small 
after  the  passage  of  an  electron  bunch.  Ions  were  produced  by 
the  electron  beam  in  a  low-pressure  gas  target,  composed  of  a 
residual  gas  with  some  addition  of  Helium.  The  beam  space 
charge  was  negligible  and  a  DC  electric  tield  was  used  to  drift 
and  collect  the  ions  on  a  MCP.  Figure  8  shows  the  time  of 
flight  spectrum  of  these  ions,  showing  two  peaks  due  to  H+ 
and  He+  ions  respectively.  The  first  peak  at  «  200  ns  is 
observed  even  without  drifting  field.  It  is  attributed  to 
background  particles  associated  with  the  long  tail  of  the  beam, 
arriving  after  the  applied  cut  off  and  extending  up  to  -  400  ns. 

The  only  problem  is  the  high  background  signal  at  the 
time  of  the  bunch  passage  that  is  10-100  times  larger  than  an 
individual  ion  signal  (see  Fig.  9).  It  saturates  the  electronics 


and  can  lead  to  a  long  dead  time  preventing  to  detect  ions 
arriving  200  nsec  later  or  less.  Several  means  to  reduce  the 
dead  time  have  been  developed.  The  first  one  is  to  cut  die  gain 
of  the  MCP  pairs  during  the  passage  of  the  beam  by  applying 
a  blocking  pulse  between  the  two  MCP's  that  reverses  the 
potential  on  the  gap  between  them.  Most  of  the  electrons 
getting  out  of  the  from  MCP  are  repulsed  and  cannot  reach  the 
second  MCP.  It  reduces  the  background  signal  by  a  factor  3. 
In  an  another  means,  the  preamplifiers  have  been  designed  to 
have  a  smooth  saturation  curve  with  nearly  logarithmic 
increase  of  their  gain  up  to  an  about  100  pC  charge.  Finally, 
the  width  of  the  shaper  pulses  has  been  reduced  to  30  nsec 
FWHM.  In  conclusion,  the  electronic  improvements  made 
after  the  linac  tests,  show  that  even  the  fastest  ions  (arriving 
with  a  delay  of  about  70  nsec)  could  be  detected  if  the 
background  would  be  as  high  as  at  the  Orsay  linac. 


Figure  8:  Time  spectrum  of  MCP  signals  obtained  with  and 
without  (hatched)  a  DC  drifting  voltage  of  100  V. 


Figure  9:  A  record  of  a  beam  background  pulse  («  SO  pC) 
collected  on  a  MCP  anode  after  amplification,  and  digitized  by 
a  "HAMIT  chip  (The  bin  width  is  10  nsec).  The  small  pulse, 
arriving  240  nsec  later  and  corresponding  to  about  1  pC,  is 
due  to  an  individual  particle. 
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Abstract 

Beam  monitors  utilizing  electromagnetic  waves, 
especially  visible  light  radiated  by  charged  particles,  have 
several  excellent  features  for  beam  diagnostics  in  accelerators: 
they  are  essentially  free  from  environmental  electromagnetic 
noise  and  are  characterized  by  a  high-speed  time  response.  A 
beam  monitor  based  on  transition  radiation  is  one  of  the  most 
promising  monitors  concerning  positions,  sizes,  emittance, 
energy  and  time  structures  of  bunches  for  high-intensity, 
short-pulse  beams.  We  started  to  develop  beam  monitors 
utilizing  transition  radiation  for  the  beam  diagnostics  of  high- 
intensity  electron  beams.  Bunch-length  measurements  were 
performed  at  the  KEK  2.S-GeV  linac  with  this  monitor  and  a 
streak-camera  system. 

I.  INTRODUCTION 

Precise  measurements  of  the  beam  parameters  of  an 
intense  beam  are  indispensable  for  the  stable  operation  of 
future  accelerators.  For  instance,  in  the  linac  for  the  B-factory 
project  proposed  at  KEK  [1],  it  is  required  to  accelerate  an 
intense  single-bunched  beam  of  about  10  nC  to  a  positron 
production  target  without  any  degradation  of  the  beam  quality; 
the  beam-emittance  growth  due  to  a  transverse-wake 
instability  must  be  suppressed  by  precisely  adjusting  the  beam 
position  to  the  center  of  accelerating  structures.  In  this  case, 
beam-position  monitors  play  an  essential  role.  Bunch-length 
measurements  become  crucial  for  estimating  the  short-range 
wake  fields,  since  their  strength,  especially  the  longitudinal 
type,  strongly  depends  on  the  bunch  shape.  In  any  case,  all  of 
the  beam  parameters  should  be  measured  and  evaluated  not 
only  precisely,  but  also  reliably. 

Beam  monitors  utilizing  electromagnetic  waves, 
especially  visible  light  radiated  by  charged  particles,  have 
several  excellent  features  for  beam  diagnostics  in  accelerators: 
they  are  essentially  free  from  environmental  electromagnetic 
noise  and  arc  characterized  by  a  high-speed  time  response. 
Cherenkov  radiation  as  well  as  synchrotron  radiation  is 
commonly  used  as  input  light  for  a  beam-monitoring  system; 
for  example,  the  bunch  length  is  measured  at  a  good  time 
resolution  of  less  than  several  picoseconds  by  guiding  the 
Cherenkov  radiation  into  a  streak  camera.  The  handling  of 
both  systems,  however,  is  generally  not  simple;  in  the  case  of 


Cherenkov  radiation,  some  special  material  or  gas  must  be 
inserted  into  a  beam  line  to  generate  radiation;  there  are  also 
some  problems  regarding  the  radiation  angles  and  the 
threshold  energy  of  the  radiation.  Moreover,  the  optical 
system,  for  instance  that  which  leads  the  light  to  the  streak 
camera,  may  be  complex,  since  the  radiation  source  is 
essentially  not  point-like. 

A  beam  monitor  based  on  transition  radiation  [2-5]  is  one 
of  the  most  promising  monitors  concerning  positions,  sizes, 
emittance,  energy,  and  time  structures  of  bunches  for  high- 
intensity,  short-pulse  beams.  It  has  been  noticed  that  transition 
radiation  is  generated  from  a  point-like  source  under  certain 
conditions,  which  makes  it  easier  to  arrange  an  optical  system. 

In  this  connection,  we  started  to  develop  beam  monitors 
utilizing  transition  radiation  for  the  beam  diagnostics  of  high- 
intensity  electron  beams.  The  fundamental  concepts  of  the 
monitor  are  given  and  preliminary  results  concerning  bunch- 
length  measurements  using  this  monitor  with  a  streak  camera 
is  presented. 

II.  TRANSITION-RADIATION 
BEAM  MONITOR 


A.  Principles 

Transition  radiation  occurs  during  the  uniform  motion  of 
a  charged  particle  in  a  spatially  inhomogeneous  medium:  for 
instance,  when  passing  from  one  medium  to  another.  For 
beam  diagnostics,  we  utilize  the  radiation  emitted  from  a 
vacuum-metal  boundary;  in  practice,  a  thin  metal  foil  is 
inserted  into  the  beam  line  with  an  oblique  angle  to  the  beam 
direction  of  motion  (Fig.  1).  The  radiation  emitted  by  the 
metal  surface  is  characterized  by  two  features:  a  sharp  angular 
directivity  for  relativistic  particles,  and  a  formation  zone.  The 
angular  distribution  of  the  radiated  energy  in  a  unit  angular 
frequency  (to)  is  expressed  as  [2] 

a)  _  2  sin2  0 

~  n2c  (l-/j2cos2  df 

where  e  is  the  electron  charge,  f$  the  velocity  of  the  charged 
particle  divided  by  the  velocity  of  light  (c),  and  6  the  angle  of 
radiation  (Fig.  1).  The  formation  zone  for  radiation  with  a 
wavelength  of  A  =2 nc  /to  is  determined  by  the  cylinder  around 
the  beam  axis  at  a  depth  of  d  and  a  radius  of  p 
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B.  Experimented 


and 


(in  the  vacuum  side) 


monitors.  The  radiation  has  sharp  directivity. 


Figure  2  shows  the  angular  directivity  pattern  of 
transition  radiation,  indicating  a  narrow  angular  distribution 
with  a  characteristic  angle  of  6=  My  for  two  peaks,  which 
allows  easy  installation  of  the  light-guiding  optics.  The 
formation  zone  determines  the  fundamental  resolution  as  a 
beam  monitor;  the  formation  radius  provides  position/size 
resolution  for  beam-profile  monitors.  The  relativistic  Loren  tz 
factor  (y)  appeared  in  the  formation  zone  size,  indicating  the 
effectiveness  of  utilizing  transition  radiation  in  beam  monitors 
at  relatively  low  energy. 


Fig.  2  Directivity  pattern  of  transition  radiation.  It  has  two 
maxim  urns  at  angles  of  6  =  ±l/y . 


The  experimental  configuration  for  a  transition-radiation 
monitor  is  shown  in  Fig.  3.  A  thin,  polished  mirror  of 
stainless  steel  with  a  thickness  of  2  mm  is  inserted  into  the 
beam  line  at  the  end  of  the  first  two  accelerating  guides  after 
the  bunching  system  of  the  KEK  2.5-GeV  linac  [6].  An 
electron  beam  with  a  peak  current  of  4  A  and  a  pulse  width  of 
15  ns  hits  the  metal  at  an  energy  of  about  50  MeV.  The 
visible  light  emitted  in  a  small  angle  from  the  thin  metal  is 
transported  through  an  achromatic  optical  system  to  a  CCD 
camera  for  beam-profile  observations,  as  well  as  to  the  streak 
camera  for  bunch-length  measurements.  For  the  bunch-length 
measurements,  the  beam  spot  was  adjusted  to  be  about  3-  4 
mm  in  diameter,  so  as  to  optimize  the  light  flux;  at  the  input  of 
the  streak-camera  system  with  a  slit  width  of  30  pm,  the 
photon  number  per  bunch  amounts  to  about  10s,  which  is 
measurable  by  a  streak-camera  system  of  Hamamatsu 
Photonics  Ltd.,  Japan,  with  a  time  resolution  of  2  ps  for  a 
single-shot  measurement. 

The  alignment  of  the  light-guiding  system  from  the  metal 
to  the  input  of  the  streak  camera  was  made  by  using  a  He-Ne 
laser  placed  at  the  other  side  of  the  light-extraction  window 
(Fig.  3).  The  position  and  direction  of  the  laser  light  was 
determined  so  that  it  simulated  the  transition  radiation  emitted 
at  the  metal  surface. 


Fig.  3  Light-guiding  system  for  streak  camera. 

The  bunch  shape  for  one  of  the  bunches  was  observed 
with  this  system  (Fig.  4).  The  bunch  length  was  measured  in 
two  cases  in  order  to  demonstrate  the  system  performance;  the 
upper  photograph  of  Fig.  4  indicates  the  bunch  shape  with  a 
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width  (FWHM)  of  about  12  ps  when  the  bunching  strength 
was  set  to  a  modest  value;  the  lower  shows  a  bunch  length  of 
about  9  ps  under  good  bunching  conditions. 


(b) 

Fig.4  Demonstration  of  bunch-shape  measurements  by  a 
transition-radiation  monitor  at  the  end  of  the  first 
accelerating  guides  after  the  bunching  section,  (a)  The 
prebuncher  power  is  not  optimized,  and  (b)  optimized. 
The  beam  energy  is  about  50  MeV  and  the 
charge/bunch  amounts  to  about  1  nC. 

m.  CONCLUSIONS  AND  DISCUSSIONS 

A  transition-radiation  monitor  has  been  developed  for 
precise  beam  diagnostics  of  an  intense  beam.  Among  several 
excellent  features  of  this  monitor,  we  first  applied  its  fast  time 
response  to  bunch-length  measurements.  The  preliminary 
results  in  the  bunch-length  measurement  using  transition 
radiation  as  a  light  source  for  a  streak-camera  system  seems  to 
indicate  good  performance  of  the  monitor.  Further  elaboration 
as  the  bunch  monitor  and  applications  to  the  beam 


position/size  monitor  fix'  precise  emittance  measurements  [7] 
will  be  male  in  the  near  future. 

The  fundamental  resolution  of  the  transition-radiation 
monitors  is  estimated  by  evaluating  the  formation  zone 
mentioned  above;  in  optical  wavelengths  (e.g.  500  nm)  the 
depth  of  the  formation  zone  for  a  beam  energy  of  SO  MeV 
becomes  about  0.8  mm,  while  the  zone  radius  is  about  8  pm, 
giving  the  position/size  resolution. 

The  light-guiding  system  also  causes  some  sort  of 
aberration,  which  degrades  the  time  resolution.  A  rough 
estimation  gives  1-2  ps  of  time  resolution  in  our  system.  We 
plan  to  improve  the  optical  system  by  selecting  a  narrow  band 
of  visible  light  so  as  to  decrease  the  chromaticity  as  well  as  to 
utilize  single-mode  fibers  for  easy  light  guiding. 
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Abstract 

A  novel  idea  for  crossing  transition  energy  has  been 
proposed  for  study  in  the  Fermilab  Main  Ring  accelerator. 
The  idea  has  been  named  focus  free  transition  crossing 1  and 
involves  reducing  the  RF  focusing  force  nearly  to  zero  when 
the  beam  energy  is  near  the  transition  energy  by  adding  a  third 
harmonic  to  the  RF  accelerating  voltage,  and  then  adjusting 
the  accelerating  phase  angle  to  90°.  The  modification  of  the 
accelerating  voltage  wave  form  shape  and  phase  are 
accomplished  by  accurate  program  control  of  the  amplitude 
and  phase  of  the  53  Mhz  RF  cavities  and  a  recently  installed 
159  Mhz  cavity.  The  studies  also  require  interrupting  the 
normal  LLRF  system  beam  energy  feedback  loops  in  favor  of 
a  new  energy  control  loop  near  the  transition  energy.  This 
paper  describes  the  functions  of  the  LLRF  system  electronics 
recently  installed  to  facilitate  this  control,  and  initial 
operational  experience  with  the  system. 

Introduction 

Focus  free  transition  crossing  (FFTC)  may  offer  an 
improvement  in  Main  Ring  performance  through  reducing 
longitudinal  emittance  growth  and  beam  loss  as  beam 
accelerates  through  the  transition  energy.  The  basic  concepts 
of  focus  free  transition  crossing  and  performance 
improvements,  plus  some  results  of  recent  beam  studies  are 
described  elsewhere.^-3  The  Main  Ring  LLRF  system 
modifications4  discussed  here  are  to  control  the  53Mhz  RF 
cavities  and  a  recently  installed  159Mhz  RF  cavity  very 
accurately  in  amplitude  and  phase.  This  produces  an 
accelerating  voltage  wave  form  with  zero  slope  around  90°, 
and  thus  provides  only  the  required  accelerating  voltage  with 
no  RF  focusing  force.  This  control  occurs  during  the  non- 
adiabatic  period  around  transition,  an  interval  of 
approximately  10  msec.  The  new  LLRF  system  operating 
modes  for  focus  free  transition  studies  in  no  way  compromise 
existing  operation. 

Background 

Even  without  functionality  required  for  FFTC  studies, 
the  Fermilab  Main  Ring  LLRF  system  is  a  complex  beam 
control  system  providing  an  interesting  variety  of  control 
options  for  the  Fermilab  physics  program.  The  LLRF 
system  accommodates  RF  synchronous  transfer  of  beam  from 
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several  machines,  accelerates  protons  cr  antiprotons,  operates 
on  different  MR  ramp  profiles  and  peak  energies,  and  provides 
bi-directional  beam  transfers  to  specific  RF  buckets  between 
MR  and  Tev  at  150  Gev.  The  MR  LLRF  system  uses  a 
VCO  and  signals  from  two  beam  detectors  to  control  the 
beam  energy.  Beam  signal  from  a  stripline  longitudinal 
detector  located  at  FI  1  is  processed  and  serves  as  the  master 
input  to  phase  lock  loop  feedback  which  forces  the  VCO  to 
follow  the  beam  frequency  and  damp  coherent  energy 
oscillations  at  the  synchrotron  frequency.  Signal  from  a 
horizontal  position  detector  at  F28  is  processed  to  provide  a 
beam  radial  position  measurement  (RPOS)  that  is  compared 
to  a  desired  position  program  (M3ROF).  The  resulting 
position  error  signal  (RPERR)  is  processed  and  drives  a  phase 
shifter  to  control  the  beam  accelerating  phase  angle  and 
energy  gain  per  revolution.  When  FFTC  studies  produce  an 
accelerating  voltage  with  zero  slope,  the  radial  position 
feedback  loop  can  no  longer  use  the  accelerating  phase  angle 
to  control  the  beam  energy,  and  is  abandoned  in  favor  of  a 
loop  using  the  RF  amplitude  to  control  energy. 

The  MR  LLRF  also  controls  the  RF  bucket  area  for 
bunch  shape  manipulations  at  flattop  energies.5-6  These 
manipulations  accomplish  bunch  rotation  at  1 20  Gev  for  pbar 
production,  and  bunch  coalescing  at  150  Gev  for  Tev 
injection  in  the  Fermilab  colliding  beams  physics  program. 
For  bunch  rotation  and  coalescing,  the  MR  LLRF  output  and 
the  RF  cavities  are  divided  into  A  and  B  groups,  and  the 
system  independently  controls  A  and  B  group  amplitudes  and 
phases.  Application  program  T101  calculates  voltage  and 
phase  programs  and  loads  these  into  four  sets  of  Camac 
069/071  digital  curve  generators.  The  phase  programs  are  a 
single  1 2  bit  curve  that  input  to  the  Counterphase  Program 
Select  module  (CPPS),  which  receives  timing  information  to 
select  whin  programs  play.  The  CPPS  module  12  bit 
outputs  drive  two  phase  shifters  called  Counterphase  A  and  B 
modules.  The  Counterphase  modules  are  a  specific 
application  of  hardware  widely  used  at  Fermilab  called  DF 
modules.  They  are  digitally  controlled,  bi-directional,  fully 
periodic  RF  phase  shifters  providing  phase  resolution  of  .09°. 
The  existing  T101  phase  programs,  the  CPPS  module,  and 
Counterphase  shifters  equally  retard  and  advance  the  A  and  B 
group  phases  respectively.  This  system  also  provides  the 
operational  transition  phase  jump.  A  CPPS  digital  input 
named  M:TPJEnn  ("nn"  is  a  MR  cycle  type)  specifies  a  phase 
jump  magnitude,  and  equally  advances  the  A  and  B  group 
phases  at  transition.  FFTC  studies  require  individual  A  and  B 
phase  programs  to  simultaneously  counterphase  A  and  B 
LLRF  outputs  while  also  advancing  the  A+B  sum  voltage 
phasor  to  90°.  Existing  phase  programming  could  not  satisfy 
this  requirement. 
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Digital  Adder  module 

The  Digital  Adder  was  designed  to  provide  new  A  and  B 
group  phase  programming  for  FFTC  studies,  and  is  in  series 
between  the  existing  CPPS  and  Counterphase  modules.  The 
adder  has  two  channels  of  processing  with  two  stages  of 
ALUs  in  each  channel.  It  combines  three  new  digital  phase 
control  inputs  with  the  two  CPPS  A/B  phase  programs. 
These  5  inputs  produce  2  digital  outputs  which  drive  the 
Counterphase  A/B  shifters.  Two  of  the  new  inputs  are  named 
M:PPGA  and  M:PPGB  (Phase  Program  Group  A  and  B). 
These  provide  unique  A  and  B  group  program  curves  for 
FFTC  studies  and  are  generated  in  Camac  467  modules. 
Application  program  W48  derives  required  PPGA  and  PPGB 
phase  programs  and  loads  the  curve  generators7.  The  third 
new  phase  control  input  is  named  CPEFB,  for  CounterPhase 
Energy  FeedBack.  This  input  provides  small  counterphase 
angle  modulation  between  the  A  and  B  groups  to  control  the 
beam  energy  during  the  FFTC  interval  and  will  be  discussed 
later. 

The  two  Digital  Adder  phase  control  outputs  and  the 
resulting  phase  shifts  generated  by  the  counterphase  A  and  B 
shifters  are: 

<J>A-  -CPPSA  +  PPGA  -  CPEFB 
<I>B  -  +CPPSB  +  PPGB  +  CPEFB 
The  sign  convention  is  that  positive  AO  is  phase  advance. 

The  Digital  Adder  has  the  following  features.  All 
inputs  and  outputs  arc  1 2  bits  and  have  an  associated  data 
valid  strobe.  All  input  and  output  data  is  latched  in  the 
Adder.  The  Adder  asynchronously  combines  all  active  input 
data  in  a  method  which  guarantees  maximum  throughput  and 
correct  output.  The  maximum  throughput  is  when  only  one 
input  is  active  and  corresponds  to  a  delay  of  260  nsec.  The 
slowest  data  output  rate  occurs  when  all  three  inputs  are 
active  with  no  timing  overlap,  corresponds  to  the  largest 
delay  between  a  first  input  data  change  and  output  update,  and 
results  in  a  delay  of  780  nsec.  The  Adder  does  not  have 
on/off  gating,  and  includes  no  provision  to  reset  output  data. 
The  system  relies  on  Adder  input  data  sources  to  properly 
reset  Counterphase  A/B  shifter  program  inputs  to  appropriate 
values  (generally  0°)  when  programs  finish. 

Digitize/Hold  modules 

The  MR  LLRF  system  has  two  Digitize/Hold  modules 
which  provide  two  (of  four  possible)  channels  of  functionality 
required  for  FFTC  studies.  A  Digitize/Hold  module  features 
two  channels  with  input  buffering  and  scaling  options,  track 
and  hold,  12  bit  600  Khz  ADC!  digital  output  (Dout),  and 
reconstructed  analog  output  (Vout).  The  module  provides  true 
12  bit  resolution  and  all  bits  are  used.  Channel  I  accepts 
±10  volt  signals  and  is  scaled  so  Vout  -  Vin.  Channel  2 
accepts  +/-  2.5  volt  signals  and  is  also  scaled  so  Vout  -  Vin. 
Channel  encode  rate  can  be  separate  or  common,  and  the  clock 
source  can  be  internal  or  external.  In  the  FFTC  application, 
the  digitize  rate  is  common  for  both  channels  and  is  from  an 
internal  500  Khz  TTL  clock  oscillator.  Each  Digitize/Hold 


channel  accepts  a  TTL  active  high  Hold  control  input  gate. 
Module  timing  is  designed  so  that  Dout  and  Vout  remain 
constant  at  their  last  value  before  the  positive  edge  of  the  hold 
gate.  The  modules  are  used  as  accurate  track  and  infinite  hold 
circuits.  Since  the  ADC  always  runs,  Dout  and  Vout  quickly 
reacquire  Vin  at  the  hold  gate  negative  transition. 

Counterphase  Energy  Feedback 

The  two  Digitize/Hold  channel  Vin  signals  used  for 
FFTC  studies  are  both  from  the  LLRF  system  radial  position 
(energy)  feedback  loop.  The  ±  10  volt  channels  of  two 
Digitize/Hold  modules  are  used.  One  channel  digitizes  the 
loop  output  signal  (MrPSHIFT)  to  the  loop  phase  shifter. 
This  digitizer  is  simply  in  series  with  the  PSHIFT  signal, 
and  delivers  Vout  to  the  loop  phase  shifter.  The  second 
channel  digitizes  the  RPERR  signal  from  a  point  early  in  the 
Radial  Position  Feedback  Loop  Processor  module.  Dout 
from  this  Digitize/Hold  channel  is  in  2's  complement  format 
and  represents  the  beam  energy  error.  At  the  beginning  of  the 
FFTC  interval,  a  hold  command  is  given  to  the  PSHIFT 
digitizer.  This  holds  M:PSHIFT  and  the  RPOS  loop 
contribution  to  the  beam  acceleration  phase  angle  constant, 
establishes  the  initial  conditions  for  subsequent  phase 
programming,  and  effectively  opens  the  energy  feedback  loop 
normally  used  during  acceleration.  PPGA  and  PPGB  phase 
programs  then  counterphase  the  A  and  B  RF  cavity  groups 
while  advancing  the  acceleration  phase  angle  to  90°.  The 
typical  initial  counterphase  angle  is  55°,  and  is  called  the  cone 
angle.  Dout  from  RPERR  is  the  CPEFB  phase  control 
summed  by  the  Digital  Adder  into  the  Counterphase  A/B 
shifter  inputs.  CPEFB  modulates  the  cone  angle  between  the 
A  and  B  RF  cavities  and  the  amplitude  of  the  flattened  RF 
voltage  wave  form.  This  provides  beam  energy  feedback 
during  the  FFTC  interval. 

The  total  cone  angle  modulation  by  the  CPEFB  loop 
input  must  never  exceed  the  programmed  cone  angle  between 
the  A  and  B  RF  cavity  groups.  This  would  reverse  the  sign 
of  the  feedback  loop  and  destroy  the  beam  if  allowed  to  adjust 
the  beam  energy  gain  per  turn  too  much,  and  means  the 
CPEFB  loop  contribution  to  A  and  B  phase  programs  must 
be  limited  to  one  half  the  programmed  cone  angle. 

Digital  Limiter  module 

This  module  receives  the  digitized  RPERR  output  data 
(Dout)  from  the  CPEFB  loop  Digitize/Hold  module.  The 
Digital  Limiter  sets  upper  and  lower  limits  on  the  CPEFB 
loop  cone  angle  modulation  to  avoid  positive  feedback.  The 
limits  are  currently  set  to  ±22.5°. 

The  circuit  consists  of  PLSI53  program  logic  array's 
which  determine  if  the  1 2  bit  input  phase  program  is  within 
allowed  limits.  Dual  4  -  1  data  sclectors/multiplexcrs 
(74LSI53's)  either  pass  the  input  or  an  upper  or  lower  limit 
value.  The  final  output  stage  uses  74LS541’s  output  drivers. 
The  module  also  outputs  a  data  valid  strobe  to  latch 
information  into  the  Digital  Adder.  Module  output  data  is 
active  only  when  a  TTL  control  gate  input  is  high.  The  gate 
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is  generated  from  system  triggers  named  M:TCPFON  and 
M:TCPFOF  (CPEFB  ON  and  OFF).  At  M:TCPFOF  the 
Limiter  module  outputs  0°  and  a  data  valid  to  reset  the 
CPEFB  Digital  Adder  input. 

RF  Rephaser  Module 

This  module  receives  the  53Mhz  LLRF  A  and  B  group 
outputs  from  the  Counterphase  A/B  phase  shifter  modules. 
Both  inputs  are  amplitude  limited  and  processed  to  produce  an 
RF  output  that  is  constant  amplitude,  and  at  the  phase  of  the 
vector  sum  of  the  A  and  B  RF  inputs.  The  advantage  of  the 
Rephaser  output  is  that  it  represents  the  phase  of  the  53Mhz 
RF  sum  voltage  by  a  large  amplitude  signal,  even  when  the 
A/B  shifters  are  programmed  to  counterphase  the  true  sum 
vector  amplitude  to  a  very  small  value.  The  RF  Rephaser 
output  drives  the  139  Mhz  oscillator. 

159  MHz  Oscillator 

This  module  receives  the  RF  Rephaser  module  signal, 
amplitude  limits  the  input  with  a  20  dB  range  AGC  circuit, 
and  triples  the  frequency.  The  module  1 59Mhz  output  drives 
the  159  Mhz  amplifier  system  and  RF  cavity8.  An  input 
curve  named  M:HV3PG  from  a  Camac  465  module  programs 
the  RF  output  amplitude  and  the  cavity  voltage.  The  RF 
output  is  turned  on  and  off  by  a  TTL  gate  controlled  by 
system  triggers  named  M:TH30N  and  M:TH30FF. 

The  53  Mhz  input  from  the  Rephaser  module  is  already 
constant  amplitude,  but  to  facilitate  using  the  159Mhz 
oscillator  in  other  applications  it  has  an  input  AGC  circuit. 
The  AGC  circuit  is  an  AD834  multiplier  transformer  coupled 
to  a  Coml inear  current  feedback  operational  amplifier.  The 
amp  output  is  AC  coupled  and  drives  a  power  splitter  and 
simple  diode  detector.  The  detector  output  is  viewed  at  a 
monitor  called  Vdet.  Vdet  is  compared  to  Vset,  an  internal 
set  voltage,  and  produces  an  error  signal  for  a  high  gain 
feedback  loop  that  controls  the  multiplier  gain  input. 

The  AGC  circuit  53Mhz  output  drives  a  simple  frequency 
tripler  consisting  of  two  power  splitters,  an  RF  amplifier,  and 
two  mixers.  Mixing  products  are  removed  by  a  Trilithic 
4BC159/10-3-CC  tubular  band  pass  filter. 

The  oscillator  is  capable  of  two  types  of  feedback 
operating  on  the  l59Mhz  cavity  voltage.  The  feedback  is 
enabled  by  system  timers  M:TH3FON  and  M.TH3FOF.  The 
first  type  is  159/53  Mhz  amplitude  ratio  feedback.  It  forces 
the  detected  l59Mhz  cavity  voltage  to  equal  a  specified 
fraction  of  the  detected  53Mhz  cavity  voltage.  The  second 
feedback  type  is  direct  feedback  and  forces  the  detected  159 
Mhz  cavity  voltage  to  follow  the  amplitude  input  program 
HV3PG.  This  loop  would  compensate  for  gain  changes  in  all 
components  of  the  1 59Mhz  amplifier  system.  During  FFTC 
studies  the  53Mhz  RF  cavity  voltage  is  modulated  by  the 
CPEFB  loop  and  PPG  A/B  programming.  The  159Mhz 
cavity  must  maintain  the  correct  voltage  ratio  (approximately 
13%  of  the  53Mhz)  to  optimize  the  RF  wave  form  flatness. 
Selection  of  feedback  loop  type  is  via  a  jumper  option.  Ratio 
feedback  is  currently  implemented. 


Oscillator  performance  summary 


Max.  RF  input: 

AGC  stage  RF  input  range: 
Input  frequency: 

Vset 

AGC  stage  RF  output: 


+7  dbm 
-15  to  +5  dbm 
500  Khz  to  80  Mhz 
-  1.563  volts 
+  3.4  dbm 


Conclusion 


All  the  hardware  necessary  for  focus  free  transition 
crossing  beam  studies  is  implemented  in  the  MR  LLRF 
system.  Curve  genenerators  and  application  program  W48  are 
used  to  control  the  hardware  with  predicted  accuracy  and 
results.  FFTC  beam  studies  verify  correct  control  of  the  MR 
53Mhz  and  159Mhz  RF  cavity  amplitudes  and  phases. 
Control  of  the  beam  energy  in  the  FFTC  interval  with  the 
new  feedback  loop  works  well.  A  key  signature  of  successful 
FFTC  is  bunch  length  increase  (instead  of  shortening),  and  no 
beam  loss  through  transition.  This  signature  has  been 
observed  routinely  during  FFTC  studies. 


Acknowledgments 

The  authors  wish  to  thank  D.  Klepec  of  FNAL  and  R. 
Gonzalez  of  SSCL  for  valuable  assistance  in  developing  the 
hardware  presented  in  this  paper. 

References 

[1 ]  James  E.  Griffin  "Focus  Free  or  Sliding  Under  Transition 
Crossing  Fermilab  TM- 1 700 

[2] .  James  E.  Griffin  "  New  Method  For  Control  of 
Longitudinal  Emmitance  Dilution  During  transition  Crossing 
in  Proton  Synchrotrons"  IEEE  Particle  Accelerator 
Conference  (1993) 

[3]  C.  Bhat  "Operating  Experience  with  Third  Harmonic  RF 
for  Improved  Beam  Acceleration  through  transition  in  the 
Fermilab  Main  Ring  'IEEE  Particle  Accelerator  Conference 
(1993) 

|4]  K.  Meisner  "Main  Ring  LLRF  System  Modifications 
For  Sliding  Under  transition  Studies"  Fermilab  Operations 
Bulletin  #1237,  Nov.,  1992 

[5]  P.  Martin  "Performance  Of  The  RF  Bunch  Coalescing 
System  In  The  Fermilab  Main  Ring"  IEEE  Trans.  Nucl.  Sci 
Vol.  NS-32.  No.  5(1985) 

(6)  D.  Wildman  "  Bunch  Coalescing  in  the  Fermilab  Main 
Ring"  IEEE  Particle  Accelerator  conference  (1987) 

17]  M.  A.  Martens  "Controlling  The  Third  Harmonic  Cavity 
During  Focus  Free  Transition  Crossing  in  the  Fermilab  Main 
Ring"  IEEE  Particle  Accelerator  Conference  (1993) 

[8]  J.  Dey  "The  High  Level  RF  System  for  Transition 
Crossing  without  RF  focusing  in  the  Main  Ring  at 
Fermilab"  IEEE  Particle  Accelerator  Conference  (1993) 


2521 


RF  Synchronous  Transfer  Into  Specific  Buckets 
Between  Fermilab  Main  Ring  And  Tevatron  Accelerators 

K.  Meisner 

Fermi  National  Accelerator  Laboratory* 


Abstract 

I  present  a  description  of  the  design  philosophy, 
hardware  implementation,  and  operation  of  the  system  used  to 
place  beams  transferred  in  either  direction  between  the  Main 
Ring  and  Tevatron  accelerators  into  specified  RF  buckets  of 
the  receiving  machine.  The  system  provides  reliable  phase 
coordinate  placement  with  .09°  resolution  without  beam 
measurements  of  any  kind.  The  system  also  controls  the 
collision  point  in  the  Tevatron  during  the  Fermilab  colliding 
beams  HEP  program  with  .689  mm.  resolution. 

Introduction 

During  early  preparations  for  the  first  Fermilab  colliding 
beams  operation,  it  was  realized  that  a  new  method  of  RF 
synchronous  beam  transfer  was  required  between  the  Main 
Ring  (MR)  and  Tevatron  (Tev)  accelerators.  Special 
functionality  for  these  transfers  includes  accurate  phase 
coordinate  placement  into  specific  RF  buckets,  minimal 
disturbance  of  beam  previously  injected,  transparent  bi¬ 
directional  transfer  operation,  accommodating  very  low 
intensity  beams  of  protons  or  antiprotons,  the  ability  to 
completely  test  the  system  without  beam,  and  remote  control 
and  diagnostic  capability.  In  early  1984  a  hardware  system  to 
accomplish  these  goals  progressed  from  design  to  installation. 
It  has  since  provided  reliable  operation  and  has  become  known 
as  the  Cogging  LLRF  system. 

Principle  of  Operation 

RF  synchronous  transfer  is  the  correct  beam  to  RF 
bucket  phase  at  injection.  Synchronization  between  any  two 
Fermilab  accelerators  means  both  accelerator  RF  cavity 
systems  have  equal  frequencies  and  a  specific,  adustable  phase 
relationship  between  them  at  beam  transfer  time.  Fermilab 
LLRF  systems  traditionally  use  phase  lock  loops  to 
synchronize  one  machine  to  another.  Since  the  final 
conditions  are  achieved  from  arbitrary  frequency  offset  and 
phase  initial  conditions,  the  phase  lock  loop  approach  can 
present  problems  when  RF  buckets  contain  beam.  Fast  RF 
bucket  phase  modulation  from  transient  effects  and  loop  initial 
conditions  should  be  avoided.  Beam  momentum  deviations 
also  should  be  minimized. 

The  cogging  system  provides  synchronization  while 
avoiding  these  problems.  The  basic  principle  of  the  cogging 
system  is  to  drive  the  RF  cavities  of  both  the  MR  and  Tev 
accelerators  from  the  same  LLRF  oscillator  at  transfer.  The 
Tev  LLRF  oscillator  is  a  synthesizer  with  an  output  frequency 
that  is  very  stable  and  accurately  programmed  from  a  bend 
magnet  current  input,  and  is  chosen  to  be  the  common  RF 
drive  source. 1  Accurate  control  of  the  relative  phase  between 
the  drive  signals  to  the  RF  cavities  of  each  machine  then 
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correctly  places  beam  into  the  RF  buckets  in  the  phase 
coordinate.  An  output  of  the  Tev  LLRF  oscillator  that  does 
not  drive  any  RF  cavity  is  frequency  modulated  to  exactly 
match  the  MR  LLRF  output  frequency  and  phase,  and  is  then 
switched  in  to  drive  the  MR  RF  cavities,  with  no  observable 
effects  on  the  MR  beam.  The  modulation  is  generated 
digitally,  and  is  relaxed  in  a  very  controlled  manner. 

After  synchronization  to  an  arbitrary  RF  bucket  is 
complete,  a  process  called  transfer  cogging  aligns  the  beam  to 
a  specific  bucket  by  again  frequency  modulating  the  Tev 
LLRF  signal  and  MR  RF  cavities.  This  modulation  produces 
any  required  integral  bucket  shift  between  MR  and  Tev.  MR 
and  Tev  beam  synch  clock  system  (MRBS  and  TVBS) 
markers  label  the  RF  buckets  of  each  machine.2  These  clock 
systems  generate  markers  at  the  beam  revolution  frequency  by 
continuously  dividing  RF  outputs  from  the  respective  LLRF 
systems  by  the  harmonic  number.  The  MRBS  marker  is  also 
used  to  synchronize  MR  beam  injection  to  a  specific  RF 
bucket.  Transfer  cogging  components  of  the  cogging  system 
measure  and  adjust  MRBS  and  TVBS  marker  (bucket) 
displacement,  and  so  do  not  require  actual  beam  measurements 
for  operation  or  system  tests. 

Frequency  modulation  of  the  Tev  LLRF  signal  is 
accomplished  by  the  MR  Cogging  Delta  Frequency  (MRCDF) 
module.  This  is  one  application  of  many  DF  module  uses  at 
Fermilab.  DF  modules  are  digitally  controlled,  bi-directional, 
fully  periodic  RF  phase  shifters.  They  can  receive  a  12  bit 
phase  shift  input  program  to  produce  Ad>,  and  they  can  receive 
a  clock  pulse  train  (Fclk)  and  sign  control  input  to  produce 
d/dt  ( Ad> )  =  +/-  AF.  The  Tev  LLRF  system  also  uses  two 
DF  modules,  one  each  to  control  the  drive  signal  phase  shift 
to  the  Tev  proton  and  anti-proton  RF  cavities.  These  are 
called  Proton  Cogging  DF  (PCDF)  and  Anti-Proton  Cogging 
DF  (APCDF)  modules. 

Figure  1  shows  elements  of  the  cogging  system,  the 
MRBS  and  TVBS  systems,  and  the  MR  and  Tev  LLRF  and 
RF  cavities.  Nine  control  sequences  accomplish  RF 
synchronization  and  transfer  cogging.  A  tenth  sequence 
adjusts  the  proton-antiproton  collision  point  in  the  Tev,  and  is 
called  collision  point  cogging.  A  module  named  the  Cogging 
DF  Controller  (CDFC)  accepts  accelerator  timing  information 
and  coordinates  all  cogging  operation. 

Cogging  DF  Controller 

The  CDFC  module  decodes  TCLK  to  determine  current 
MR  cycle  cogging  requirements.  Cogging  control  sequences 
begin  and  end  when  specific  events  are  detected  by  the  CDFC. 
and  generally  require  arbitrary  amounts  of  time  for 
completion.  The  CDFC  provides  precise  control  of  the 
MRCDF  module  and  specifies  the  MRCDF  phase  with  a 
resolution  of  <t>Lsb  =  360°/4096  -  .089°.  The  CDFC  also 
controls  the  MRCDF  dd>/dt  -  AF  and  d2d>/dt2  -  AFdot  with 
resolutions  of  .125  Hz  and  .250  Hz/msec  respectively. 

The  CDFC  contains  an  accurate  voltage  to  frequency 
converter  (VFC)  that  can  be  driven  by  several  input  voltages. 
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and  selects  which  input  runs  the  VFC  with  FET  switches. 
Any  selected  input  drives  a  comparator  to  obtain  the  sign  of 
Vin.  An  absolute  value  circuit  converts  Vin  to  -  IVinl  x  gain 
in  order  to  drive  the  VFC.  Each  VFC  output  pulse  steps  the 
MRCDF  phase  1  Lsb  when  enabled  by  the  CDFC. 

The  CDFC  contains  a  12  bit  DAC  that  can  also  drive 
the  VFC.  A  12  bit  counter  (AFcounter)  loads  the  DAC,  and 
provides  knowledge  of  the  MRCDF  module  AF  magnitude. 
The  AFcounter  can  itself  be  clocked  at  a  controlled  rate,  and 
therefore  specify  the  MRCDF  AFdot.  This  clock  rate  is 
determined  in  the  CDFC  by  an  8  bit  -^N  circuit  driven  by  a 
stable  500  Khz  TTL  oscillator. 

The  CDFC  contains  a  12  bit  arithmetice  logic  unit 
(ALU)  with  selectable  A  and  B  inputs  used  for  detecting 
control  sequence  start  and  end  events  (A-B),  A  versus  B 
magnitude  comparisons,  and  subtractions  required  in  CDFC 
calculations.  The  CDFC  also  contains  a  22  bit  phase  "tick" 
counter  that  sums  MRCDF  phase  increments  (VFC  pulses) 
and  counts  MRCDF  revolutions  to  an  accuracy  of  1  part  in 
Mrevolutions*4096. 

Cogging  Control  Sequences 

This  section  describes  the  ten  cogging  control  sequences. 

Sequence  I  occurs  at  Tclk  event  C 1  once  each  Tevatron 
load  cycle  before  any  beam  is  injected.  The  CDFC  clock 
decoder  detects  event  Cl  and  presets  Tev  LLRF  PCDF  and 
APCDF  modules  to  phases  specified  by  host  computer 
parameters  T:PCDFP  and  T:APCDFP.  This  sequence  resets 
fractional  RF  bucket  collision  point  cogging  from  previous 
Tev  cycles  and  specifies  the  Tev  RF  cavity  phases  for 
subsequent  beam  transfers. 

In  sequence  2,  the  MR  LLRF  system  accelerates  the 
beam  to  flattop.  As  the  MR  150  Gev  flattop  begins,  the  MR 
LLRF  system  VCO  and  beam  feedback  loops  are  controlling 
the  beam.  The  MRCDF  module  is  off  (AF-O),  and  it's 
output  frequency  equals  the  Tev  LLRF  oscillator  programmed 
value.  A  Fermilab  overlap  phase  detector  (OPDET5) 
compares  the  MR  LLRF  signal  to  the  Tev  LLRF  output  of 
the  MRCDF  module  and  shows  a  beat  frequency  between  the 
two  signals.  The  Tev  LLRF  output  can  successfully  drive  the 
MR  cavities  only  if  it  is  very  near  the  150  Gev  programmed 
frequency.  Hardware  called  the  Permit  module  reads  the  Tev 
energy  program,  compares  it  to  the  150  Gev  value,  and 
inhibits  or  allows  a  trigger  named  M:LMRCDF  (Lock 
MRCDF). 

Sequence  3  and  those  which  follow  occur  only  if  the 
LMRCDF  trigger  is  passed  to  the  CDFC  by  the  Permit 
module.  CDFC  FET  switches  select  OPDET5  Vout  as  the 
VFC  analog  input  (Vt)  to  close  a  high  gain  phase  lock 
feedback  loop  (PLL).  This  forces  the  MRCDF  RF  output 
into  a  constant  phase  relationship  with  the  phase  shifted  MR 
VCO  RF,  and  modulates  the  TLLRF  frequency  in  whatever 
direction  is  required  to  equal  the  MRRF  frequency.  The 
CDFC  AFcounter  and  DAC  are  also  preset  to  zero  in  this 
sequence. 

Sequence  4  begins  after  the  PLL  has  remained  closed  for 
18  msec.  The  CDFC  DAC  is  then  ramped  up  from  zero  at  a 
fixed  rate  of  62.5  Hz/mscc.  A  sample  of  Vt  is  low  pass 
filtered  and  compared  to  the  DAC  output  (Vd).  When  a 
CDFC  analog  comparator  detects  Vd-Vt,  the  AFcounter  stops 
to  hold  Vd,  OPDET5  Vout  is  disconnected  from  the  VFC  (Vt 


decays  to  zero  volts)  and  Vd  is  switched  into  the  VFC.  The 
CDFC  latches  and  remembers  the  sign  of  AF,  and  applies  this 
information  to  the  MRCDF  +/-AF  control  input.  At  this 
time  the  CDFC  also  pulses  the  select  B  input  of  two 
MRLLRF  system  RF  switches  so  that  the  MRCDF  output 
drives  the  MRRF  cavities,  the  MR  beam,  and  the  LLRF 
distribution  system  (the  MRBS  input  source).  The  MRCDF 
output  frequency  and  phase  is  identical  to  the  VCO  RF,  but  is 
derived  from  the  Tevatron  LLRF  oscillator,  and  is  precisely 
controlled  by  the  AFcounter,  DAC,  and  VFC  in  the  CDFC. 

Sequence  5  begins  the  relaxation  of  the  MRCDF 
frequency  modulation.  To  make  algorithms  of  sequence  6  a 
function  of  one  independent  variable,  AF  is  programmed  to 
50Hz.  The  CDFC  ALU  compares  AF  to  50Hz  (AFnom)  and 
ramps  the  AFcounter  up  or  down  as  required  toward  50Hz  at  a 
lAFdotl  rate  of  1 .04  Hz/msec.  The  ALU  monitors  AF(t)  and 
stops  changing  the  AFcounter  when  IAFI-50  Hz. 

In  sequence  6  the  CDFC  calculates  the  AFdot  rate  at 
which  the  MRCDF  frequency  must  go  from  AF»50Hz  toward 
AF-zero.  The  rate  is  derived  by  comparing  the  current 
MRCDF  phase  reading  (d>r)  to  the  desired  stop  phase  (<t>d). 
d>d  is  an  input  from  the  host  computer  named  M:MRCDFP. 
As  the  MRCDF  approaches  AF-O,  the  area  of  AF(t)AT  must 
be  such  that  the  integrated  MRCDF  phase  steps  (slippage) 
will  smoothly  approach  d>d-M:MRCDFP  from  the  MRCDF 
initial  phase-d>r  The  CDFC  ALU  finds  (Od-d>r),  and  uses 
this  to  address  prom  tables  that  load  N  into  the  +N  circuit  to 
control  the  AFdot  rate. 

In  sequence  7  the  CDFC  ALU  compares  IAF(t)l  with  1 
Hz  (AFlim).  When  it  detects  AF-lHz,  the  CDFC  holds  AF 
and  continues  reading  9>r(t),  the  MRCDF  phase.  When  Or  «= 
Od  -  M:MRCDFP,  the  CDFC  inhibits  further  VFC  tick 
pulses  to  the  MRCDF  and  forces  AF-O.  At  the  completion 
of  sequence  7,  the  Tevatron  and  MR  RF  systems  are  driven  by 
one  oscillator  and  have  exact  relative  phasing.  RF 
synchronous  transfer  to  an  arbitrary  RF  bucket  is  possible. 
For  the  fixed  target  physics  program  (only  one  beam  transfer 
per  Tev  cycle)  sequence  7  is  the  final  cogging  system 
function.  The  Tev  bucket  which  receives  the  first  beam  bunch 
is  then  labeled  bucket  1  by  a  clock  lock  process  in  the  TVBS 
system. 

Tclk  events  E20,  E2A,  and  E2B  designate  Main  Ring 
cycles  for  the  Fermilab  colliding  beams  program.  Sequence  8 
and  9  provide  transfer  cogging,  and  occur  on  any  of  these 
cycles.  Single  MR  bunches  are  loaded  into  the  Tev  on 
sequential  MR  acceleration  cycles.  At  the  start  of  sequence  8 
the  MR  bunch  azimuthal  location  with  respect  to  the  target 
Tev  RF  bucket  is  arbitrary  on  each  cycle.  The  target  bucket  is 
unique  for  each  cycle  and  bunches  must  be  injected  with 
roughly  equal  spacing  around  the  Tev  circumference.  A 
bucket  offset  is  applied  on  each  injection  cycle  to  the  TVBS 
marker  which  labels  bucket  1 .  The  Cogging  Zero  Shifter 
(CZS)  module  applies  the  offset  by  shifting  the  the  TVBS 
marker  an  interval  specified  by  host  computer  parameters 
C:XCBO  (transfer  cog  bucket  offset).  Transfer  cogging  then 
always  brings  the  MRBS  marker  into  alignment  with  the 
offset  TVBS  marker.  The  CDFC  issues  a  pulse  called 
CSBREQ  (Cogging  Smart  Box  Request)  at  the  end  of 
sequence  7.  The  pulse  interrupts  a  micro  processor  in  the 
Cogging  Smart  Box  (CSB),  which  begins  the  following 
sequences  to  generate  a  AF(t)  waveform  to  drive  the  CDFC 
VFC  and  MRCDF  module: 
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1) Trigger  the  Cogging  Phase  Detector  (CPD)  to  measure  the 
bucket  displacement  between  the  MRBS  and  offset  TVBS 
markers  as  PHASE-buckets  to  cog.  Send  PHASE  as  a 
digital  word  (CSBBS  in  figure  1 )  to  the  CDFC. 

2) Calculate  PHASE*GAIN/TIME.  GAIN  and  TIME  are 
CSB  parameters  input  by  front  panel  thumbwheel  switches. 
This  calculation  determines  the  maximum  amplitude  of  the 
AF(t)  wave  form. 

3) Send  a  REPLY  pulse  to  the  CDFC  to  initiate  transfer 
cogging.  The  CDFC  selects  the  CSB  output  wave  form  as 
the  VFC  drive  (Vt).  The  CDFC  also  presets  its  tick  counter 
to  PHASE  and  begins  to  count  down  with  each  VFC  pulse 
sent  to  the  MRCDF  module. 

4) The  CSB  outputs  a  word  called  Cogging  Phase  Detector 
Phase  Compare  (CPDPC)  to  the  CPD  and  continues  reading 
the  RF  bucket  displacement  (PHASE). 

5) When  PHASE  -  CPDPC,  the  CSB  ramps  the  voltage 
wave  form  to  a  "vernier  level",  which  is  also  a  CSB  input 
parameter.  The  CSB  continues  reading  PHASE  from  the 
Cogging  Phase  Detector. 

Sequence  9  begins  when  the  CSB  reads  PHASE  -  1 
from  the  CPD  and  there  is  just  1  bucket  left  to  cog.  The  CSB 


then  ramps  its  AF(t)  output  wave  form  to  a  small  value  that 
produces  IAFI  -  2Hz.  The  CDFC  tick  counter  keeps  track  of 
how  many  buckets  the  beam  is  actually  cogged  and  will  stop 
the  MRCDF  at  exactly  the  correct  phase  (d>d«M:MRCDFP) 
when  the  tick  counter  reaches  0.  At  this  point  RF 
synchronous  transfer  into  the  specified  Tev  bucket  is  possible. 

Sequence  10  controls  collision  point  cogging  and  occurs 
on  interrupt  from  the  host  computer.  Parameters  T:ACPS  and 
T:MCPS  specify  integer  bucket  and  fractional  bucket  cogging 
shifts  respectively.  The  CDFC  selects  a  AF  rate  of  ±2Hz  (or 
2  buckets  per  second)  and  frequency  modulates  the  Tev  LLRF 
APCDF  module  and  shifts  the  four  anti-proton  RF  cavities 
and  beam  azimuthally  relative  to  the  protons.  A  one  bucket 
shift  via  ACPS  cogs  the  antiprotons  a  distance  of  the  (orbit 
circumference  +  1113),  the  harmonic  number,  and  moves  the 
collision  point  one  half  that  amount.  Fractional  cogging  via 
MCPS  provides  2‘l2of  a  single  bucket  shift,  which  equals 
.689  mm.  A  parameter  named  C:COGSUM  sums  all 
collision  point  cogging  displacements. 
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Abstract 

Hardware  to  measure  the  Main  Ring  beam  bunch  length 
was  installed  in  January  of  1991.  The  system  measures 
bunch  length  by  comparing  relative  strengths  of  53Mhz  and 
1 59Mhz  components  of  signal  from  a  beam  detector.  The 
output  signal  is  proportional  to  bunch  length,  is  scaled  in 
nanosec.,  and  has  become  a  very  useful  diagnostic  tool. 
Hardware  design  and  operational  performance  are  presented. 

Introduction 


The  principle  of  operation  for  the  Main  Ring  bunch 
length  monitor  (BLMON),  motivation  for  it's  design,  choice 
of  detector,  and  circuit  components  are  given  in  detail 
elsewhere2,3,  and  will  be  presented  here  only  briefly. 
Electronics  developed  initially  for  BLMON  early  in  1990 
produced  unexpected  noise  on  the  output  and  exhibited  useful 
operation  over  a  small  range  of  beam  intensity.  The 
emphasis  of  this  paper  is  on  a  basic  description  of  the 
electronics,  improvements  made  to  the  original  design  and 
test  procedures,  and  resulting  performance.4 

Measurement  Principle 


If  N  beam  bunches  with  Gaussian  longitudinal  charge 
distribution  pass  through  an  ideal  detector  and  are  spaced  by 
fixed  time  intervals,  a  signal  V(t)  is  produced  which  is  a 
function  of  Ot,  the  rms.  bunch  length  in  time  units,  s,  the 
detector  sensitivity,  In,  the  individual  bunch  currents,  and 
To-irf,  the  bunch  to  bunch  time  spacing.  Taking  the  Fourier 
transform  of  V(t)  gives  V(<i)),  and  allows  evaluating  the  peak 
height  of  V(to)  at  harmonics  of  To-  These  harmonics 
dominate  the  beam  signal  spectrum.  In  the  bunch  length 
region  of  interest,  the  signal  strengths  at  harmonics  of 
<oO-2tc/To  are: 


V(mCD0)  =  2Vdc 


2rc2m2o2 

T2 

(i 


,  and 


Vdc  is  the  DC  response  produced  by  the  beam.  Solving  the 
equation  for  ot/To  at  frequencies  m-l  and  m-X,  and 
subtracting  V(Xo)o)-V(o)o)  gives  the  normalized  bunch  length 
as  a  function  of  the  ratio  of  two  harmonic  signal  strengths: 


EQN  1 


*  Ln 

V(Xw0) 

^2ti2(x2  -l) 

L  v(o)0)  j 

In  the  Main  Ring  accelerator.  To  is  nearly  constant  and  the 
95%  interval  of  the  beam  distribution,  referred  to  as  the  full 
bunch  length  4<Jt(  is  the  quantity  of  interest. 

A  quarter  wavelength  coaxial  stripline  detector  located 
in  the  Main  Ring  at  E48  has  resonances  at  (2n+l)  Frf. 
Signals  from  the  upstream  and  downstream  ends  of  the 
stripline  are  combined  to  allow  detecting  the  beam  current 
from  both  proton  and  antiproton  beams.  Detector  output 
signals  at  the  53Mhz  fundamental  RF  frequency  and  at  the 
159Mhz  third  harmonic  give  good  sensitivity  for  detection  of 
bunch  lengths  in  the  1-12  nsec  range  of  the  Main  Ring  beam. 
These  two  frequencies  are  chosen  for  processing  by  BLMON 
electronics,  which  uses  EQN  1  with  X-3. 

BLMON  Electronics  Description 

Figure  1  is  a  block  diagram  of  the  hardware.  The  beam 
RF  input  signal  passes  through  a  7-bit  digitally  programmed 
attenuator  with  I27db  range  in  ldb  steps.  For  test  purposes, 
the  attenuator  can  be  controlled  locally.  For  normal 
operation,  the  attenuator  is  controlled  remotely  by  system 
parameters  named  M:BUNAnn,  where  "nn"  designates  one  of 
the  seven  Main  Ring  accelerator  cycle  type  Tclk  reset  events. 
Each  of  the  cycle  types  can  have  unique  beam  type  (proton  or 
antiproton),  bunch  intensity,  and  fill  factor.  Early  in  the 
appropriate  Main  Ring  beam  cycle,  the  correct  M:BUNAnn 
parameter  automatically  switches  into  the  attenuator  control 
input  and  centers  the  input  signal  amplitude  in  the  operating 
range  of  the  BLMON  hardware. 

The  attenuated  beam  input  is  then  split  into  two 
channels.  Trilithic  Inc.  tubular  band  pass  filters  with  center 
frequencies  of  53  and  159  MHz  select  the  frequencies  for 
processing  by  the  first  harmonic  and  third  harmonic  channels. 
The  filters  have  matched  bandwidths  of  IMhz  to  achieve 
comparable  transient  responses.  Slight  differences  in  the 
insertion  loss  of  the  filters  and  transmission  loss  of  cabling  is 
compensated  for  with  a  fixed  attenuator  at  the  input  to  the 
filter  of  the  first  harmonic  channel. 

Two  stages  of  heterodyne  receivers  are  used  to  detect 
each  beam  signal  frequency  component.  The  receivers  offer 
good  sensitivity  and  dynamic  range.  Intermediate 
frequencies  (IF)  of  10.7Mhz  and  455Khz  are  used  since 
commercial  filters  at  these  frequencies  arc  readily  available. 
Local  oscillator  (LO)  RF  signals  used  for  down  conversion  to 
10.7Mhz  and  455Khz  are  derived  from  a  Main  Ring  low  level 
RF  (LLRF)  system  input  signal.  The  LLRF  signal  sweeps  in 
frequency  from  52.813Mhz  to  53.103Mhz  as  the  beam 
accelerates  and  remains  synchronized  with  the  b<  am  RF 
input.  The  LLRF  53Mhz  is  mixed  with  a  10.7Mhz  crystal 
oscillator  output,  band  pass  filtered  at  Fc»42.3Mhz,  band 
reject  filtered  at  Fc-10.7Mhz,  and  amplified  to  produce  an 
LO  signal  near  42.3Mhz  that  correctly  tracks  the  beam  input 
first  harmonic.  The  42.3Mhz  LO  signal  is  mixed  (1st  mixer 
in  figure  1)  with  the  beam  signal  in  a  Mini  Circuit 
Laboratories  SR  A- 1  double  balanced  mixer  to  produce  an 
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output  at  !0.7Mhz  with  amplitude  proportional  to  the  strenght 
of  the  53Mhz  component  of  the  beam  signal. 

In  the  159Mhz  receiver  channel,  the  LLRF  input  drives 
a  frequency  tripler  consisting  of  power  splitters,  SRA-1 
mixers,  RF  amplifiers,  and  filters.  The  159Mhz  output  is 
mixed  with  the  10.7Mhz  crystal  oscillator  signal  to  produce 
an  LO  signal  near  148.3Mhz.  This  LO  signal  mixes  with  the 
beam  159Mhz  signal  component  to  give  a  10.7Mhz  output 
with  amplitude  proportional  to  the  strength  of  the  !59Mhz 
component  of  the  beam  signal. 

Subsequent  processing  of  10.7Mhz  signals  is  identical 
for  both  frequency  channels.  Murata  SFE  10.7  MA-Z  band 
pass  ceramic  filters  and  RF  amps  drive  the  1 0.7Mhz  into  the 
2nd  mixer  stage  RF  input.  A  10.245Mhz  LO  signal  from  a 
crystal  oscillator  down  converts  the  10.7Mhz  to  455Khz. 
This  IF  signal  is  amplified  and  filtered  by  a  Murata  CFW 
4558B  ceramic  filter  with  22Khz  bandwidth,  and  drives  an 
operational  amplifier  and  line  driver. 

The  amplitudes  of  the  455Khz  IF  signals  are 
proportional  to  the  beam  input  signal  strengths  at  the  RF 
frequency  first  and  third  harmonics.  A  455Khz  coherent 
detector  splits  each  455Khz  input  into  two  signals,  amplifies 
and  limits  one,  and  mixes  this  limited  signal  with  the  other  in 
a  MCL  SRA-3  mixer.  The  outputs  are  filtered  and  amplified 
in  an  AD518  operational  amplifier  with  offset  and  gain 
adjustments.  The  coherent  detector  outputs  are  labeled  V  j 
and  V3  in  figure  1.  They  are  available  for  local  monitoring, 
and  are  read  back  by  the  host  computer  system  as  parameters 
M:BLM53  and  M:BLM159.  These  signals  are  viewed  when 
M:BUNAnn  parameters  are  adjusted  to  place  the  input  signal 
amplitude  within  the  operating  range  of  the  electronics. 

V 1  and  V3  also  input  to  the  normalizer  circuit.  Each 
voltage  drives  a  Burr-Brown  Corp.  4127  logarithmic 
amplifier.  Log  amp.  outputs  are  subtracted  by  an  operational 
amplifier  and  drive  an  AD534  four-quadrant  multiplier  in 
square  root  mode  to  produce  the  output  voltage  proportional 
to  the  beam  bunch  length  as  given  by  EQN  1 .  The  output  is 
scaled  in  the  host  computer  database  to  convert  the  output  to 
nanosec.,  and  is  named  M:BLMON. 

System  Improvements 

Bench  tests  of  original  hardware  revealed  noise  on  the 
BLMON  output  near  1.3Khz  that  was  approximately 
equivalent  to  2nsec.  p/p  bunch  length  modulation.  The  test 
procedure  used  the  combined  outputs  of  two  crystal 
oscillators  at  53  and  l59Mhz  to  simulate  a  beam  input  signal. 
The  53Mhz  oscillator  also  provided  a  LLRF  input  for 
generating  LO  signals.  Since  the  two  free  running  oscillator 
output  frequencies  were  never  exactly  in  the  ratio  of  3.00,  this 
procedure  introduced  close  in  IM  product  sidebands  at  the 
offending  frequency,  especially  on  the  1 48.3Mhz  LO  source 
signal.  These  sidebands  were  well  within  the  bandwidths  of 
the  filters  intended  to  reject  mixing  products.  The  noise  was 
easily  eliminated  by  revising  the  test  procedure  to  use  only 
the  53Mhz  crystal  oscillator.  It  is  a  fifth  overtone  oscillator 
and  its  output  is  rich  in  harmonics.  The  harmonic  at  !59Mhz 
was  selected  with  a  bandpass  filter,  amplified  to  an 
appropriate  level,  and  combined  with  the  53Mhz  to  provide  a 
new  test  beam  signal  input.  Like  the  actual  beam  signal,  the 


test  signal  159  and  53  Mhz  frequencies  were  then  exactly  a 
ratio  of  3,  and  the  output  noise  was  completely  eliminated. 

After  finding  and  replacing  a  significant  number  of 
broken  electronic  parts,  the  useful  dynamic  range  of  beam 
signal  was  only  14db.  The  output  of  an  MWA-130  amplifier 
between  the  first  and  second  mixer  stages  in  the  third 
harmonic  channel  showed  a  noise  floor  about  1 2db  above  that 
expected.  At  small  beam  signal  levels,  this  noise  dominated 
the  coherent  detector  input.  Grounding  and  power  bypassing 
at  the  amp.  were  improved  to  achieve  the  expected  output. 

A  signal  at  455Khz  and  approximately  -35dbm  was 
measured  at  the  coherent  detector  inputs  even  with  no  beam 
input.  This  signal  would  initially  appear  and  then  persist 
after  once  applying  a  beam  input,  and  reduced  the  range  of 
coherent  detector  linear  operation.  Fast  edges  of  455Khz  in 
the  coherent  detector  limiter  circuit  initiated  the  noise,  which 
then  regenerated  itself  as  input  signal  through  power  supply 
coupling.  Bypass  capacitors  at  the  15  volt  power  inputs  were 
increased  at  four  places  in  the  limiter  and  the  unwanted  signal 
was  reduced  to  -74dbm. 

IM  products  from  mixing  stages  in  the  LO  signal 
generator  hardware  also  limited  the  dynamic  range  of 
BLMON.  Trilithic  tubular  filters  at  42  and  148Mhz  with  5 
and  lOMhz  bandwidths  respectively  were  installed  on  the 
outputs  of  these  stages. 

A  precision  voltage  source  was  used  to  check  and  tune 
normalizer  board  log.  amp.  scaling  and  dynamic  range.  V] 
and  V  3  stages  were  matched,  and  gave  proper  operation  over 
4  decades  of  input  range. 

Conclusion 

Much  of  the  design  and  construction  work  for  the 
BLMON  system  was  completed  by  1990,  but  the  hardware 
operation  fell  quite  short  of  the  expected  performance  for 
unknown  reasons.  Investigation  of  the  system  resulted  in 
substantial  improvements  in  test  procedures  and  operation 
with  regard  to  accuracy  and  dynamic  range.  Comparisons  of 
the  M.BLMON  output  with  calculated  bunch  lengths  and 
those  observed  from  wide  band  resistive  wall  monitors  show 
close  agreement.  Remote  control  of  the  BLMON  system 
attenuator  and  remote  viewing  of  signals  proportional  to  53 
and  159Mhz  beam  signal  strength  facilitate  adjustment  for  the 
variety  of  Main  Ring  accelerating  cycles. 
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Figure  1 :  Bunch  Length  Monitor  Block  Diagram 


Performance  Summary 


LLRF  53Mhz  Input  Level  +2  dbm 

Beam  Input  Dynamic  Range  40  db 

Maximum  53/ 1 59Mhz  Beam  Input  - 1 6  dbm 

BLMON  Frequency  Response  (-3db)  6  Khz 

BLMON  Accuracy  (over  40db  range)  +/-  2% 
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Abstract 

A  general  purpose  beamline  tuner  is  being  developed  to 
reduce  betatron  oscillations  resulting  from  missteering  during 
beam  transfer.  The  tuner  is  based  on  VXI  instruments  con¬ 
trolled  by  a  LabVIEW  program  running  on  a  Macintosh  com¬ 
puter.  VXI  digitizers  take  tum-by-tum  data  from  beam  posi¬ 
tion  monitors  followed  by  an  analysis  of  the  data  in  the  time- 
and  frequency-  domains.  The  results,  the  phase  and  amplitude 
of  the  betatron  oscillations,  are  communicated  from 
LabVIEW  to  the  control  system  over  a  tokenring  network.  An 
application  program  at  a  control  console  calculates  the  re¬ 
quired  changes  in  the  correction  elements  from  the  phase  and 
amplitude  to  reduce  the  oscillations.  The  beamline  tuner  is 
self-contained  and  easy  to  adapt  to  other  beamlines.  Early  re¬ 
sults  indicate  that  the  tuner  outperforms  the  current  system. 

I.  INTRODUCTION 

During  a  collider  run  it  is  important  to  achieve  the  highest 
possible  luminosity.  Betatron  oscillations  of  the  beam  result  in 
a  growth  of  the  beam  emittance  which  decreases  the  luminos¬ 
ity  during  beam-beam  collision.  The  betatron  oscillations  oc¬ 
cur  when  the  beam  is  not  injected  onto  the  closed  orbit.  The 
task  of  a  tuner,  therefore,  is  to  adjust  the  correction  elements 
so  that  the  beam  is  injected  onto  the  closed  orbit.  An  overview 
of  injection  tuning  methods  is  given  in  [1  ]. 

The  current  Tevatron  injection  tuning  system  uses  a 
method  that  measures  the  beam  position  signal  of  13  consecu¬ 
tive  beam  position  monitors  (bpm)  at  the  first  turn  and  then 
subtracts  the  beam  positions  of  the  closed  orbit  at  those  loca¬ 
tions.  The  resulting  data  represents  the  betatron  oscillation  to 
which  a  sinusoid  is  fitted  to  determine  the  phase  and  ampli¬ 
tude.  To  do  a  proper  fit,  the  phase  advances,  the  beta  values 
and  the  dispersion  values  at  each  bpm  location  must  be  accu¬ 
rately  known.  Because  the  method  assumes  that  all  beta  val¬ 
ues  are  the  same  and  ignores  the  dispersion,  it  introduces  er¬ 
rors  in  the  calculations.  The  current  system  also  suffers  from 
the  limitation  that  it  can  handle  only  one  bunch  per  ring.  The 
digitizers  trigger  on  beam  intensity  and  multiple  bunches  in 
the  ring  would  lead  to  triggering  on  a  wrong  bunch.  This 
means  that  the  tuning  of  the  injection  must  be  separate  from 
the  actual  loading  of  the  ring  for  a  collision  shot.  The  time 
from  tuning  to  loading  the  last  bunch  is  often  more  than  an 
hour.  Meanwhile  the  drift  of  various  elements  can  invalidate 
the  calculated  corrections  resulting  in  betatron  oscillations  of 
up  to  one  millimeter.  The  injection  tuning  of  the  anti-protons 
is  also  done  in  a  separate  step.  To  avoid  wasting  precious  anti¬ 
protons,  protons  are  reverse  injected  from  the  Tevatron  into 
the  Main  Ring.  The  correction  method  is  the  same  as  for  pro¬ 


ton  or  forward  injection.  The  current  system  is  described  in 

12]. 


An  advantage  of  using  many,  e.g.  1024,  tum-by-tum 
measurements  for  injection  tuning  is  that  the  current  betatron 
tune  can  be  determined  and  unwanted  frequencies  as  noise  or 
synchrotron  oscillations  due  to  dispersion,  can  be  filtered  out. 
Also,  only  a  single  detector  per  plane  is  needed,  eliminating 
the  error  due  to  inaccurate  betafunctions  and  phase  advances. 
The  tum-by-tum  method  has  already  been  successfully  ap¬ 
plied  at  Fermilab  for  the  accumulator  and  is  described  in  [3]. 

II.  CONFIGURATION 


The  hardware  centers  around  two  Tektronix  VX4240  dig¬ 
itizers,  one  for  each  plane.  A  7.5  MHz  clock  for  the  digitizers 
is  derived  by  a  special  CLOCK  module  from  a  beamsync  sig¬ 
nal.  A  V 1 77  card  decodes  from  the  same  beamsync  signal  an 
event  that  triggers  the  digitizers  at  a  rate  of  47  kHz,  or  once 
per  turn.  The  digitizers  sample  on  the  first  positive  clock  edge 
after  a  positive  trigger  edge.  Since  both  the  clock  and  trigger 
are  derived  from  the  beamsync  signal,  the  beam  is  always 
sampled  at  the  same  point  in  the  beam  position  waveform. 
Different  bunches  are  selected  by  directing  the  VI 77  to 
change  the  delay  of  the  trigger.  To  start  the  sampling  on  an  in¬ 
jection,  a  VI 77  module  decodes  an  injection  event  that  arms 
the  digitizers  from  the  Tevatron  Clock  signal.  To  be  able  to 
look  at  Tevatron  and  at  Main  Ring  injections,  HP  E1366A  RF 
multiplexers  switch  the  VI 77  cards  between  the  Main  Ring 
and  Tevatron  bpm  signals  and  between  the  Main  Ring  beam¬ 
sync  and  Tevatron  beamsync  signals. 


A  Macintosh  Ilci  controls  the  VXI  crate  through  a  MXI 
interface.  The  Macintosh  connects  to  the  accelerator  control's 
Tokenring  network,  enabling  it  to  exchange  information  with 
an  application  program  on  a  control  console.  An  independent 
control  signal  can  cycle  the  power  to  the  Macintosh  and  VXI 
crate  to  perform  a  remote  reboot.  The  configuration  is  shown 
in  figure  1 . 


Control  I  Beamline  Tuner  setup 

Room 
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III.  OPERATION 

The  Mac  Ilci  runs  the  graphical  programming  language 
LabVIEW  which  includes  a  VXI  library.  All  crate  modules 
are  controlled  using  this  library.  The  Acnet  (Accelerators 
Control  Network)  Interface  library,  developed  in-house  and 
described  in  {4],  handles  the  communication  from  LabVIEW 
to  the  control  system.  At  startup,  the  VXI  modules  are  initial¬ 
ized  and  the  Acnet  interface  is  activated.  After  the  injection 
and  data  has  been  taken,  the  analysis  starts.  The  first  step  of 
the  analysis  is  a  Fourier  transform  of  the  tum-by-tum  mea¬ 
surements.  A  peak  search  in  a  range  around  the  expected  beta¬ 
tron  tune  determines  the  current  tune.  If  two  peaks  are  found, 
the  betatron  oscillation  is  assumed  to  be  coupled  and  a  warn¬ 
ing  is  given  since  the  analysis  assumes  an  uncoupled  motion. 
The  algorithm  continues  with  the  largest  peak  as  the  current 
tune.  The  next  step  is  an  inverse  Fourier  transform  of  only  the 
frequencies  within  the  range.  This  removes  the  dc  offset,  vari¬ 
ous  noise  sources,  e.g.  60  Hz,  and  the  synchrotron  oscillation 
due  to  dispersion.  The  third  step  is  to  analyze  the  amplitude  of 
the  oscillation  on  damping  due  to  decoherence  and  on  addi¬ 
tional  oscillation  due  to  coupling.  The  found  damping  coeffi¬ 
cient  is  used  to  even  the  amplitude  of  the  signal  so  that  an  un¬ 
damped  sinusoid  can  be  fitted.  A  warning  is  given  if  coupling 
is  found.  The  Levenberg-Marquardt  algorithm  from  the 
LabVIEW  analysis  library  does  the  fitting.  Because  the  damp¬ 
ing  in  both  Tevatron  and  Main  Ring  reduces  the  oscillation  to 
noise  levels  in  less  than  80  turns,  only  up  to  the  first  30  turns 
are  suitable  for  fitting.  Currently,  the  fit  uses  only  1 5  turns  in 
order  to  handle  a  small  degree  of  coupling.  The  Tevatron  runs 
in  general  with  only  a  minimum  of  coupling  which  is  not  a 
problem  for  the  analysis.  The  earlier  calculated  tune  and  am¬ 
plitude  are  used  as  initial  guesses  for  the  fit.  While  a  damped 
sinusoid  could  have  been  fitted,  it  would  introduce  one  more 
parameter  to  estimate  and  lead  to  a  slower  or  possibly  wrong 
convergence.  The  results  of  the  fit,  figure  2,  are  communi¬ 
cated  to  an  application  program  running  on  a  control  console 
under  operator  supervision. 


Figure  2.  A  fit  by  the  beamline  tuner. 

The  console  application  program  then  calculates  and 
sends  out  the  adjustments  to  the  corrections  elements.  The 
application  bases  its  calculations  on  the  results  of  studies. 
These  studies  relate  settings  of  corrector  elements  empirically 
to  the  estimated  phase  and  amplitude.  With  this  approach,  the 
lattice  functions  were  not  needed.  The  left  diagram  of  figure  3 
shows  the  oscillation  vector,  the  estimated  phase  and  ampli¬ 
tude.  move  in  a  line  as  one  of  the  correctors  is  changed.  This 
is  because  only  the  amplitude  is  a  function  of  the  corrector 
setting  while  the  phase  depends  on  phase  advance  from  the 


corrector  to  the  bpm.  By  using  two  correctors  at  different 
phase  advances,  the  measured  amplitude  and  phase  can  be  de¬ 
composed  in  terms  of  the  correctors'  oscillation  vectors.  The 
right  diagram  of  figure  3  shows  the  relation  between  the  am¬ 
plitude  of  the  oscillation  and  the  value  of  the  setting.  This 
relation,  in  combination  with  vector  decomposition,  yields  the 
adjustments  to  the  correction  elements  for  any  phase  and  am¬ 
plitude  of  the  betatron  oscillation. 


Figure  3.  The  results  of  the  El  7  injection  kicker  study. 


The  application  program,  shown  in  figure  4,  provides  the 
operator  with  a  user-interface  to  control  what  bunch  from 
what  ring  should  be  sampled  and  whether  the  calculated  set¬ 
tings  are  sent  out. 


Figure  4.  The  console  application  program. 

The  functionality  of  man-machine  interface  could  also 
have  been  implemented  by  directly  displaying  the  Macintosh 
screen  with  the  beamline  tuner's  menu  on  a  control  console 
using  the  application  XGator  or  on  a  Macintosh  using 
Timbuktu.  However,  providing  the  operator  with  a  standard 
interface  was  more  important  than  using  only  one  program¬ 
ming  platform.  The  remote  display  is  being  used  though,  for 
diagnostic  purposes  and  expert  adjustments  to  the  operation  of 
the  beamline  tuner,  figure  5.  The  beamline  tuner  can  store  the 
measurements  including  the  results  and  current  algorithmic 
parameters  in  a  file.  This  file  can  be  uploaded  using 
Appleshare,  Timbuktu,  or  a  FTP  application.  The  data  can 
then  be  analyzed  with  various  parameter  settings  using  an  off¬ 
line  version  of  the  tuner.  The  same  data  transfer  applications 
can  download  updates  of  the  beamline  tuner  software  made  on 
a  development  system. 
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Figure  5.  The  beamline  tuner's  display  and  menu. 


IV.  CONCLUSIONS 

Early  experiences  indicate  that  the  beamline  tuner  can  ac¬ 
curately  correct  betatron  oscillation  of  0.3  mm  and  larger.  The 
old  system  often  leads  to  oscillations  of  up  to  1  mm  in  the  hor¬ 
izontal  plane  for  the  last  proton  bunches  because  of  the  long 
wait  between  tuning  and  loading.  The  difference  of  a  0.3  mm 
compared  to  a  1  mm  oscillation  would  reduce  the  emittance 
by  about  20  percent. 

The  VXI/LabVIEW  system  operated  in  a  reliable  manner 
and  proved  to  be  easily  adapted  to  enhancements  in  software 
and  hardware.  The  off-line  version  proved  very  useful  in  de¬ 
termining  the  proper  settings  of  the  parameters  of  the  algo¬ 
rithms.  The  additional  direct  access  to  the  beamline  tuner  pro¬ 
vided  the  expert  with  a  wide  variety  of  menu  options  to 
change  the  operation  of  the  modules  or  algorithms  or  to  diag¬ 
nose  the  system  on-line. 

V.  ENHANCEMENTS 

Future  enhancements  are  planned  in  order  to  reduce  beta¬ 
tron  oscillations  to  an  amplitude  of  0.1  mm..  The  beam  posi¬ 
tion  wave  form  of  a  single  bucket  bunch  has  only  a  1 50  nsec 
wide  range  where  its  value  represents  the  beam  position.  For  a 
perfect  bpm  module  this  range  is  flat  and  it  does  not  matter 
where  it  is  sampled.  In  practice,  however,  the  signal  shows  a 
slope  or  a  small  oscillation.  Therefore  it  is  important  to 
always  sample  within  nanoseconds  on  the  same  spot.  The 
clock  signal  derived  from  the  bcamsync  signal  showed  a  jitter 
of  up  to  5  nsec.  By  applying  a  phase-locked  loop,  this  jitter 
should  be  reduced  to  sub-nanoseconds.  Another  problem  is 


that  the  range  is  not  always  150  nsec,  but  is  smaller  at  some 
bpms.  With  a  7.5  MHz  clock  the  smallest  step  is  130  nsec. 
This  means  that  in  some  cases  samples  are  taken  at  the  edge 
of  the  valid  region.  By  using  a  fast  delay  generator,  the  clock 
signal  can  be  skewed,  giving  control  over  the  point  of 
sampling  in  terms  of  nanoseconds.  Another  option  is  to  use  a 
faster  digitizer,  e.g.  running  at  53  MHz,  thus  reducing  the 
delay  step  size.  All  options  are  currently  implemented  to 
compare  the  results. 
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Abstract 

Stripline  detectors  are  commonly  used  in  beam  position 
monitoring  (BPM)  systems  and  can  be  used  as  dual  directional 
couplers  for  beams  passing  in  opposite  directions.  Directivity 
between  21-26  dB  is  typical  near  the  Tevatron  operating 
frequency  of  53.1  MHz,  and  these  values  are  limited  by 
mismatches  on  the  upstream  ports.  Improvements  to  the 
directivity  can  be  made  with  external  corrections  to  these 
mismatches,  but  in  the  Tevatron  the  four  ports  (two  striplines, 
proton  upstream  and  downstream)  are  available  only  after  a 
series  of  discontinuities  (tapers,  feedthroughs,  cables)  forming 
unknown  frequency-dependent  networks.  A  method  has  been 
developed  to  characterize  the  networks  and  compensate  the 
mismatches,  at  a  single  frequency.  No  beam  is  needed,  so  this 
simplifies  implementation.  The  technique  can  be  applied  to  a 
narrowband  BPM  system  operating  in  an  approximately 
steady-state  condition.  Conditions  for  directivity, 
development  of  the  method,  and  a  large-scale  implementation 
procedure  are  described  with  applicable  results,  including  an 
explanation  of  shortcomings  in  a  transient  beam  situation. 

I.  INTRODUCTION 

The  Tevatron  BPM  stripline  detector  [l]-[3]  is  designed 
to  form  a  50£1  transmission  line  with  the  beam  pipe.  At  each 
end  of  each  stripline  plate,  a  taper  and  feedthrough  bring 
signals  to  50Q  cables  and  the  rest  of  the  system.  This 
arrangement  turns  each  stripline  into  a  directional  coupler, 
and  its  directivity  is  the  ratio  of  upstream  and  downstream 
signal.  Ideally,  the  upstream  port  has  a  doublet  signal  while 
the  downstream  port  has  none.  The  directivity  is  primarily 
determined  by  how  well  matched  the  upstream  system  is  to 
the  stripline.  The  signal  is  reflected  by  various  discontinuities 
as  it  navels  in  time  from  the  stripline  towards  the  processing 
electronics  upstairs:  the  taper,  the  feedthrough,  cables, 
adapters,  and  finally  the  RF  Module  itself.  In  the  frequency 
domain,  all  of  these  reflections  combine  as  a  function  of 
frequency  to  form  the  impedance  ZUpStream(f)-  The 
mismatch  between  ZUpS(ream  and  the  characteristic 
impedance  of  the  stripline,  Zpiate ,  forms  a  frequency- 
dependent  directivity.  At  53.1  MHz,  this  directivity  has  been 
measured  for  the  TeV  BPM  system  to  range  between  21-26 
dB,  representing  a  mismatch  of  5-10  £2.  To  obtain  a 
directivity  of  40  dB,  a  match  within  1£2  would  be  required. 

Directivity  is  important  in  the  collider  mode  of  the 
Tevatron,  when  protons  and  antiprotons  coexist  in 
counterrotating,  separated  helical  orbits.  Directivity  should  be 
as  high  as  possible  to  prevent  interference  of  one  beam  signal 
upon  another,  especially  when  trying  to  read  the  antiproton 
beam  in  the  presence  of  the  more  intense  proton  beam.  Any 
external  correction  to  increase  directivity  must  take  place 
outside  the  vacuum  enclosure,  and  in  the  Tevatron,  there  is  a 
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half  meter  of  cable  and  various  discontinuities  between  the 
stripline  and  a  vacuum  flange. 

In  order  to  determine  the  correction,  a  method  [4]  was 
devised  to  characterize  the  discontinuities  between  the 
stripiine  detector  plate  and  the  vacuum  flange  ports.  This 
process  is  now  described. 

II.  CORRECTION  DEVELOPMENT 


In  this  case,  220  BPM  detectors  and  vacuum  enclosures 
were  already  in  place,  and  only  a  single  cable  per  stripline 
existed  between  the  tunnel  and  the  upstairs  processing 
electronics.  Thus,  a  relay  per  stripline  is  needed  to  switch 
between  the  two  ports,  and  the  directivity  correction  algorithm 
is  performed  in  the  tunnel  (with  no  beam)  and  implemented 
with  the  relay  circuitry.  In  summary,  the  external  correction  is 
derived  by  exciting  one  of  the  proton  upstream  flange  ports 
and  tuning  a  variable  load  until  a  minimum  in  forward 
coupling  to  the  proton  downstream  port  of  the  other  stripline 
is  obtained.  This  provides  enough  information  about  the 
unknowns  inside  the  vacuum  enclosure  to  compensate  for 
them.  The  first  step  requires  electrostatic  knowledge  of  the 
coupled  line  system  formed  by  the  two  stripline  plates. 


A.  Even  and  Odd  Mode  Impedances 

In  a  symmetric  system  with  two  coupled  signal 
conductors,  such  as  the  BPM  striplines,  "self-capacitances" 
between  each  conductor  and  ground,  Ca  and  Cb  ( Ca=Q> ) 
exist  along  with  mutual  capacitance  Cab-  For  these  coupled 
lines,  three  characteristic  impedances  can  be  defined:  Zeven- 
for  the  even  mode  between  the  lines  (both  conductors  at  same 
potential);  ZQdd,  for  the  odd  mode  (conductors  at  opposite 
potentials);  and  Zpiate<  the  equivalent  transmission  line 
impedance  for  a  single  conductor  in  the  presence  of  the 
second.  The  characteristic  impedances  are  defined  by 
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where  Vp  is  the  velocity  of  propagation.  Two  programs, 
"Matrix  Parameters  for  Multiconductor  Transmission  Lines" 
from  Artech  House  and  POISSON  (with  the  author's  post¬ 
processing  program),  were  used  to  find  the  required 
capacitances.  From  the  results,  the  assumed  impedances  were 
Zpiate  =45£2  and  Zevgn  =50  Q. 


B.  Excitation  of  a  Plate 

Directivity  as  a  function  of  terminating  impedance  was 
simulated  for  the  coupled  lines,  using  EEsofs  Touchstone 
program.  When  one  of  the  striplines  is  excited  at  its  proton 
upstream  port  and  directivity  of  the  coupling  to  the  other 
stripline  is  desired,  the  optimum  termination  at  the  ports  is 
Zpiate ■  Backward-wave  coupling  is  predominant  for  the 
coupled  lines,  just  like  the  beam  coupling  to  the  striplines. 
The  coupling  from  the  upstream  port  of  A  to  upstream  B  was 
-35  dB,  highly  independent  of  terminations.  The  amount  of 
coupling  from  upstream  A  to  downstream  B  is  a  combination 
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of  two  factors:  1)  the  upstream  B  signal,  down  35  dB  from 
upstream  A,  partially  reflects  back  from  upstream  B  due  to  its 
mismatch  from  Zpfate,  and  2)  the  excitation  signal  from 
upstream  A  is  partially  reflected  from  downstream  A,  due  to 
its  mismatch  from  Zpiate,  and  then  couples  down  35  dB  to 
downstream  B. 

C.  Excitation  by  Beam,  Systematic  Directivity  Decreases 

When  the  striplines  are  excited  by  the  centered  beam, 
modeled  by  an  ideal  current  source,  only  the  even  mode  is 
present  and  the  correct  upstream  terminating  impedances  for 
maximum  directivity  is  Zeven ■  The  amount  of  odd  mode 
excitation,  or  the  difference  in  the  stripline  currents  for  beam 
closer  to  one  of  the  striplines,  determines  downstream 
magnitude  when  all  ports  are  terminated  in  Zeven-  Thus, 
directivity  will  change  for  beam  displacement  towards  one 
stripline,  but  displacement  in  the  orthogonal  plane  has 
negligible  effect.  For  perfect  Zeven  terminations  and  a 
stripline  current  ratio  of  1.25:1,  corresponding  to  3  mm  off- 
center  in  the  Tevatron  detector,  directivity  is  decreased  from 
infinity  to  40  dB.  Another  possibility  for  a  systematic 
decrease  in  directivity  is  a  difference  between  the  beam 
propagation  velocity  and  the  plate  transmission  line 
propagation  velocity.  Directivity  will  decrease  to  35  dB  for  a 
3.5%  mismatch  and  27.7  dB  for  an  8%  difference.  As 
discovered  in  stochastic  cooling  work,  these  differences  can 
be  caused  by  the  longitudinal  gaps  between  beam  pipe  and 
pickup,  as  well  as  the  finite  width  of  the  pickup  plates. 

D.  Requirement  for  Solution 

To  best  solve  the  directivity  problem,  given  the 
systematic  errors,  the  impedance  Zeven  needs  to  be  applied  at 
all  frequencies  to  the  correct  "termination  points"  at  the  ends 
of  the  striplines.  Since  the  nearest  access  point  for  each  of  llie 
four  ports  is  the  N-type  elbow  connector  on  the  flange, 
everything  between  the  two  points  must  be  characterized  at  all 
frequencies.  Broadband  implementation  becomes  impossible, 
so  here  the  characterization  is  restricted  to  the  frequency  of 
interest,  53.1  MHz.  Finally,  the  desired  inode  for  tuning, 
beam  on  and  centered,  prohibits  tunnel  access.  The  only 
measurement  mode  to  "view"  die  striplines  is  the  Excitation  of 
a  Plate  case  described  above. 

E.  Attempt  at  a  Broadband  Solution 

At  first,  an  attempt  was  made  to  characterize  (he  line 
between  plate  and  flange  over  a  broad  frequency  band.  A 
flange-to-flange  two-port  S-parameter  matrix  measurement 
was  taken  over  a  wide  frequency  range.  A  model  consisting 
of  three  transmission  lines  (two  vacuum  cables  and  the 
stripline)  and  four  electrically  "thin"  lumped  element  models 
(two  flange  discontinuities  and  two  vacuum  cable-to-stripline 
transitions)  was  entered  into  EEsofs  Touchstone  program. 
The  model  could  not  be  optimized  to  the  data,  due  to  the  large 
number  of  variables  and  model  breakdown  over  the  large 
frequency  range.  Even  artificially  created  [S]  data  from  a 
known  model  solution  would  not  converge.  Because  of  the 
problems  with  a  broadband  solution,  the  need  for  a  single 
frequency  solution  was  more  apparent. 

F.  Equivalent  Transmission  Line  for  Discontinuities 

The  complexity  of  the  above  problem  was  reduced  by 
converting  everything  between  the  flange  ports  into  two 
equivalent  "uniform"  transmission  lines  (consisting  of  die  four 


sets  of  discontinuities  and  two  vacuum  cables)  and  the 
stripline  transmission  line.  This  model  works  because  1) 
none  of  the  discontinuities  are  too  large  at  53.1  MHz,  and  2) 
the  system  is  nearly  50ft  throughout.  The  goal  of  using  this 
equivalent  transmission  line  concept  is  the  ability  to  use  the 
fonnula  for  input  impedance  A in  of  a  load  Z/oad  propagated 
along  a  uniform  transmission  line, 

7  _  7  Zw  +  Z,tanh()tO 

*  °Z<,  +  Zwtanh()t/)’ 

where  Z0  is  the  complex  transmission  line  characteristic 
impedance,  d  is  its  length,  and  cc+jfi  is  its  propagation 
coefficient.  Because  of  the  different  phasings  of  the 
discontinuities,  there  is  a  different  Z0  at  each  frequency. 
Also,  under  the  above  restrictions,  S21  of  a  transmission  line 
is  approximately  equal  to  exp(-yd)  and  is  cascaded  with  other 
lines  by  simply  multiplying  the  S21  parameters  together. 


G.  Applying  Correct  Terminating  Impedance  to  Plates 

If  the  equivalent  uniform  transmission  line  between 
flange  ;ind  plate  can  be  found,  then  the  impedance  Z/oa^  can 
be  selected  and  applied  to  the  flange  port  to  produce  the 
terminating  impedance  Zjrf=Zeven=50  ft  at  the  "termination 
point"  at  the  stripline  end.  The  variables  Z,  y,  and  d  can  be 
defined  for  ports  1  (proton  upstream  for  stripline  A),  2 
(downstream  A),  3  (upstream  B),  and  4  (downstream  B).  As 
described  above,  the  amount  of  coupling  S41  from  excitation 
of  port  1  depends  on  the  sum  of  the  mismatches  of  ports  2  and 
3  as 


~)p-  +pjL  ^5,  P2.J 


^01 2.3  +  Zpla, 


(3) 


If  die  reflections  from  ports  2  and  3  cancel,  or  p2-  -P3,  then 
S41  will  be  a  minimum  and  (3)  simplifies  to 
Z«ZW  =  Z^.  (4) 

If  a  known  load  Zioaj2  is  applied  to  flange  port  2  and  a 
variable  load  Z[ocu{j  on  flange  port  3  is  tuned  for  a  minimum 
in  S41,  then  (4)  is  true  and  can  be  expressed  from  (2)  as 


,2  =  7  z  4^!  +  Z2  tanh(y2r/2)  Zloadi  +  Z,  tanh(y,d}) 

'r“ur  ‘  'Z2  +  Z(<W2  tanh (y2d3)  Z3  +  ZW3  tanh(y^) ' 


From  a  measurement  of  S2 1  and  S43,  the  variables  72 ^2  and 
yjdj  can  be  estimated.  The  path  of  the  S-parameter  S2 1 
consists  of  a  cascade  of  three  transmission  lines,  and  so, 
S2,  =  exp(-  y,d,  -  y^d^,  -y2d2).  ( 6 ) 

From  the  plate  dimensions,  Ypiatedplate  >s  known,  and  if  the 
approximation  yjdj  =Y2d2  *s  taken,  then  for  the  various  ports, 

YA  =  y2d2  =y2{~  ln|5:,  |  -  YumApm  )•  <7> 


and  similarly  for  ports  3  and  4.  This  leaves  two  unknowns  in 
(5),  the  characteristic  impedances  Z2  and  Zj.  A  second 
equation  with  a  different  Z[oa(i2  and  Zioajj  pair  would  be 
needed,  but  a  lack  of  resolution  prevents  reasonable  results 
from  the  root  finder.  The  further  approximation  Z2=Zj  must 
be  taken  for  satisfactory  results.  Then,  from  (2), 
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The  method  can  be  done  for  S23  to  find  Zioa(j}  and  Z[oacj4. 
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HI.  IMPLEMENTATION  AND  RESULTS 

A.  Circuitry 

The  tuning  circuitry  to  implement  the  desired  Z[oaj  at  the 
flange  is  housed  in  the  tunnel  along  with  a  relay  to  select 
which  of  the  two  beams  has  its  upstream  port  sent  upstairs. 
The  undesired  beam's  upstream  port  (the  desired  beam's 
downstream)  has  a  tuned  termination  which  presents  Zioad  at 
the  flange,  taking  into  account  the  cable  between  the  module 
and  the  flange.  The  reflection  off  the  tuned  circuitry  actually 
cancels,  at  the  selected  frequency,  the  signal  created  by  the 
non-directive  reflections  between  the  stripline  and  flange.  It 
trails  the  non-directional  signal  in  time.  The  circuitry  consists 
of  discrete  inductors,  resistors,  and  capacitors,  the  latter  two 
are  adjustable  for  orthogonal  tuning.  Good  beam  impedance 
is  ensured  in  two  ways.  First,  a  diplexer  filter  is  included 
before  the  relay  and  the  tune  circuit,  transmitting  a  35  MHz 
bandwidth  centered  at  53.1  MHz  while  terminating  the 
stopband  in  an  external  50Q  for  higher  power  dissipation. 
Also,  the  tuning  section  includes  a  shunt  resistor  to  provide  a 
return  loss  of  at  least  13  dB  at  all  the  bandpass  frequencies. 

B.  In-tunnel  Tuning  Procedure 

To  find  the  correct  tunes  for  all  of  the  in-place  detectors, 
an  automated  procedure  of  the  above  algorithm  was  devised. 
A  two-channel  variable-load  module  was  developed  for  this 
purpose.  It  consisted  of  two  varactor  diodes  separated  by  a 
quarter-wavelength  at  53.1  MHz  for  orthogonal  tuning,  plus 
the  DACs  to  bias  them.  A  Macintosh  computer  and  a 
program  using  LabVIEW  software  controlled  the  tuner  and  an 
HP8753B  vector  network  analyzer.  The  operator  changed 
connections  between  the  analyzer,  the  tuner,  and  the  flange. 
First,  S21  and  S43  were  measured.  Then  S41  was  minimized 
for  two  different  Zioad3  settings,  and  the  solutions  were 
averaged.  The  procedure  was  repeated  for  S3  2-  A 
Mathematica  program  was  used  to  find  the  roots  to  (5).  The 
operator  then  performed  the  correction  tune,  using  the 
network  analyzer.  With  this  procedure,  the  in-tunnel  work 
was  greatly  reduced  and  a  database  of  the  detectors  was 
created. 

C.  Measuring  Directivity 

The  directivity  with  beam  present  was  measured  in  two 
ways.  First,  a  spectrum  analyzer  was  used  for  fixed  target 
operation,  during  which  the  vast  majority  of  the  ring's  53.1 
MHz  buckets  are  filled  with  beam  bunches,  resulting  in  most 
of  the  spectral  content  at  53.1  MHz  and  its  harmonics. 
Second,  the  "intensity"  output  of  the  RF  Module  front-end 
electronics  was  viewed  with  an  oscilloscope  for  both  a  beam 
structure  of  20  consecutive  bunches  and  also  normal  collider 
mode  single-bunch  operation.  The  signal,  used  to  self-trigger 
the  position  signal  digitizer,  is  down-converted  to  baseband 
from  a  5  MHz  bandwidth,  53.1  MHz  bandpass  filter. 

D.  Interpretation  of  Results 

The  directivity  from  the  full  ring  case  was  measured  for 
two  detectors  and  four  striplines,  ranging  from  31  to  38  dB. 
These  results,  especially  the  higher  directivities,  were 
considered  good,  considering  the  number  of  approximations 
and  systematic  errors.  In  the  single-bunch  case,  however,  the 
unwanted  signal  appeared  in  time  as  two  large  peaks,  barely 
separated.  Going  to  20  bunches,  the  peaks  remained  at  the 
signal's  beginning  and  end,  but  between  the  peaks  the 


unwanted  signal  decreased  to  a  level  consistent  with  the  full 
ring  result. 

It  was  concluded  that  the  peaks  were  caused  by  the  tune 
having  a  bandwidth  less  than  the  RF  Module's  5  MHz 
bandwidth.  Outside  the  tune  bandwidth,  directivity  is  actually 
worse  than  the  original  21-26  dB.  At  the  edges  of  a  signal, 
when  the  RF  Module's  filters  are  charging,  other  frequencies 
are  present.  However,  for  a  long  train  of  53. 1  MHz  buckets 
filled  with  beam,  the  filters  are  in  a  steady-state,  and  only  the 
fundamental  frequency  is  present. 

During  single-bunch  collider  operation,  the  results  are 
unacceptable,  for  two  reasons.  First,  when  a  proton  and 
antiproton  bunch  are  coincident  at  a  detector,  their  signals 
interfere  too  much  with  each  other  and  affect  the  position 
reading.  Second,  when  reading  antiprotons,  the  more  intense 
proton  bunches  cause  peaks  comparable  in  amplitude  to  the 
desired  antiproton  intensity  signal.  Thus  the  digitizer  can 
trigger  on  the  unwanted  proton  signals.  The  latter  problem  is 
eliminated  by  a  fast  switch  gated  by  the  control  system, 
currently  being  added  to  the  system,  removing  the  unwanted 
triggers  as  well  as  providing  other  improvements. 

VI.  CONCLUSION 

A  method  to  increase  the  directivity  of  beam  stripline 
detectors  has  been  devised  and  implemented  for  the  Fermilab 
Tevatron.  The  technique  enables  external  circuitry  to  correct 
for  an  unknown  series  of  discontinuities  causing  the  non¬ 
directivity.  An  in-tunnel  (no  beam)  tuning  algorithm  has  been 
developed.  The  correction  method  works  best  for  narrowband 
signal  processing  approximating  steady-state.  This  occurs 
from  either  a  long  sequence  of  RF  buckets  filled  with  beam, 
resulting  in  narrow  spectral  peaks  at  the  RF  harmonics,  or  a 
filter  with  a  bandwidth  smaller  than  the  implemented  tune. 
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ROSY  I  is  a  planned  synchrotron  radiation  light  source  with  a  number  of  straight  sections  for  wigglers  and 
undulators  for  photon  energies  in  the  range  from  1  keV  to  20  keV  [1].  This  paper  describes  the  design  principles 
of  the  fully  distributed  architecture  of  the  ROSY  control  system,  pointing  out  the  extensive  use  of  de-facto 
standards  for  both  hardware  and  software  such  as  UNIX,  Xl  1/Motif,  VMEbus  etc.  Particular  attention  is 
given  to  the  implementation  of  the  man-machine-interface,  the  design  of  the  distributed  online  database,  the 
homogeneous  communication  architecture  and  the  integration  of  data  processing  and  feedback  in  the  realtime 
environment  of  the  process  layer. 


1  Introduction 

Most  modem  accelerator  control  systems  build  on 
the  same  principles:  a  distributed  architecture  and 
standardisation  towards  open  systems.  The  con¬ 
trol  system  of  the  ROSY  I  synchrotron  light  source 
is  no  exception.  It  is  specially  designed  for  high 
bandwidth  on  all  layers  and,  due  to  envisaged  fu¬ 
ture  upgrades  and  expansions,  seamless  extension 
in  capacity  and  capability. 

The  architecture  of  the  ROSY  control  system  is 
inspired  by  the  newly  designed  control  system  for 
the  Storage  and  Stretcher  Ring  ELSA  [2],  which  is 
under  development  at  the  physics  institute  of  the 
University  of  Bonn. 

2  Guidelines 

The  following  guidelines  were  set  for  the  design  of 
the  ROSY  control  system: 

•  The  basis  is  a  distributed  system  with  sev¬ 
eral  loosely  coupled  logical  layers  providing 
failsafe  operation  and  allowing  scalability. 
The  intelligence  and  computing  power  for 
the  handling  of  local  tasks  and  computations 
is  transfered  to  lower  layers  whenever  possi¬ 
ble. 

•  Transparent  behaviour  of  the  complete  con¬ 
trol  system  and  in  particular  of  the  commu¬ 
nications  between  the  logical  layers  of  the 


control  system  from  the  viewpoint  of  both 
the  user  and  the  application  developer. 

•  The  widest  possible  use  of  standards  for  all 
hardware  and  software  components  allow  for 
a  minimal  implementation  time  and  simplify 
service  and  support. 

•  A  common  development  platform  for  all  soft¬ 
ware  components  on  the  workstations  and 
use  of  development  tools  for  software  engi¬ 
neering  and  documentation. 

3  Architecture 

The  architecture  is  made  up  of  four  logical  layers 
(see  figure): 

The  presentation  layer  consists  of  several 
UNIX  RISC-workstations  running  the  Xll  and 
OSF /Motif  windowing  system.  A  man  machine  in¬ 
terface  -  based  on  the  system  developed  at  ELET- 
TRA[3]  -  is  providing  the  interactive  control  of  all 
parameters.  Other  user  oriented  applications  like 
orbit  correction  are  also  activated  on  the  presen¬ 
tation  layer. 

The  control  layer  is  formed  by  several  pow¬ 
erful  UNIX  RISC-computers.  Each  of  them  is  in 
charge  of  the  autonomous  control  of  a  subsystem 
of  the  accelerator  complex.  The  architecture  and 
software  of  the  control  system  allows  for  the  seam¬ 
less  addition  of  further  computers  for  new  sub¬ 
systems.  The  control  computers  manage  a  dis¬ 
tributed,  memory  resident  online  database,  which 
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Control  System  Architecture 


Figure  1 

ROSY  Control  System  Architecture 


acts  as  a  mirror  image  of  the  accelerator  state.  In 
addition,  there  are  one  or  several  server  computers 
in  the  control  layer,  which  provide  disk  storage,  re¬ 
lational  databases,  printing  and  other  central  func¬ 
tions  in  the  network. 

The  process  control  layer  performs  data  re¬ 
duction  and  runs  control  and  measuring  tasks.  It  is 
built  of  VME  based  components  with  MP68030/40 
CPUs  assisted  by  dedicated  image  processing 
boards  and  digital  signal  processors  for  fast  beam 
diagnostics  and  digital  feedback  systems. 

The  fleldbus  layer  interfaces  all  the  devices  of 
the  accelerator  complex  which  do  not  require  high 
data  throughput  and  connects  them  to  the  process 
control  layer.  It  is  realised  through  low-cost  VME 
components  and/or  possibly  by  use  of  a  fieldbus 
system  which  has  established  itself  in  industry. 

The  process  control  and  the  fieldbus  layer  to¬ 
gether  form  the  process  system.  For  both  layers 
of  the  process  system  a  real-time  operating  system 
will  be  used  which  must  have  excellent  networking 
capabilities.  At  the  present  state  of  evaluation, 
the  "VxWorks”  kernel  [4]  is  our  favourite  choice. 
All  VME  crates  of  the  process  system  are  diskless; 
they  boot  over  the  network  from  the  computers  of 
the  control  layer. 

The  communication  system  between  the  up¬ 
per  two  layers  and  the  process  system  is  based  on 
Ethernet  (IEEE  802.3).  The  physical  media  is  op¬ 
tical  fibre;  the  topology  of  the  network  will  en¬ 
able  a  subsequent  upgrade  to  the  FDDI  standard. 
The  consistent  realisation  of  the  process  system 
with  VME  components  and  a  uniform  operating 


system  allow  for  a  homogeneous  communication 
system  based  on  standard  protocols  (TCP/IP)  for 
the  complete  control  system.  The  remote  inter¬ 
process  communication  on  all  layers  is  realised 
through  synchioneous  and/or  asynchroneous  mes¬ 
sage  exchange.  High  bandwidth  data  paths  will 
be  realised  exclusively  by  using  TCP  socket  data 
transfers,  accompanied  by  data  compression  when¬ 
ever  necessary  (e.g.  for  images  and  BPM  signals). 

4  Software 

The  efficiency  and  flexibility  of  a  control  system  is 
mainly  determined  by  its  software.  The  software  of 
the  control  system  performs  tasks  which  in  many 
ways  resemble  the  duties  of  a  distributed,  operat¬ 
ing  system.  The  results  arising  from  research  in 
the  field  of  distributed  systems  are  therefore  fun¬ 
damental  for  the  design  of  such  an  accelerator  op¬ 
erating  system  [5]  [6]. 

4.1  Process  Applications 

The  process  system  contains  applications  for  data 
acquisition,  equipment  control,  monitoring  and 
alarms  and  for  complex  real-time  tasks  like  feed¬ 
backs  and  ramping.  Each  application  consists  of  a 
set  of  one  or  more  concurrent  threads  synchronised 
by  the  VME  operating  system  kernel.  These  ap¬ 
plications  send  data  to  the  control  layer  in  regular 
intervals  (e.g.  tune  monitoring),  triggered  by  ob¬ 
served  parameter  changes  (e.g.  status  conditions) 
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or  perform  a  task  on  request  (e.g.  image  acquiii- 
tion  and  processing). 

4.2  Rule  Engines 

Each  control  computer  runs  a  "rale  engine”  (i.e.  a 
set  of  processes  fed  with  patterns  of  accelerator  pa¬ 
rameter  changes)  which  elaborates  abstract  rules 
and  correlates  machine  parameters.  A  set  of  rules 
will  handle  the  algorithmic  mapping  from  hard¬ 
ware  dependent  parameter  sets  to  machine  physics 
parameters.  Other  rules  will  implement  heuristic 
recipes  for  easy  management  of  complete  subsys¬ 
tems.  Rules  may  be  activated  or  deactivated  dur¬ 
ing  normal  operation. 

4.3  High  Level  Applications 

User  oriented  applications  which  run  on  the  pre¬ 
sentation  layer  have  a  common  graphical  user  in¬ 
terface,  built  in  accordance  with  the  OSF/Motif 
guidelines.  They  consist  of  graphical  objects  (pan¬ 
els,  menubars,  knobs,  etc.)  of  the  Motif  and  XI 1 
program  library,  which  provide  a  completely  event 
driven  usage  of  the  application.  The  structure  of 
the  control  system  allows  for  application  programs 
to  transparently  access  any  of  the  controlled  pa¬ 
rameters  through  a  common  application  interface 
which  hides  details  of  the  control  system  from  the 
application  programmer. 

4.4  The  Man  Machine  Interface 

The  man  machine  interface  (MMI)  is  the  inter¬ 
active  tool  from  which  the  individual  components 
of  the  ROSY  accelerator  complex  are  controlled. 
In  order  to  avoid  confusion  and  to  minimise  the 
learning  time,  the  MMI  builds  on  ergonomic  and 
logical  concepts  which  allow  for  an  intuitive  un¬ 
derstanding  of  its  operation  and  of  the  operation 
of  the  devices  it  controls. 

The  interaction  between  the  user  and  the  MMI 
is  based  on  virtual  navigation  through  the  synop¬ 
tic  which  is  built  as  a  plan  view  of  the  accelerator 
complex,  using  PHIGS  for  vectorial  graphics.  The 
elements  to  be  controlled  are  represented  by  graph¬ 
ical  objects  which  resemble  their  real  appearance, 
arranged  in  accordance  with  the  topology  of  the 
whole  complex. 

Virtual  control  panels  allow  users  to  operate  on 
the  graphical  representations  of  a  large  set  of  de¬ 


vices  like  switches,  knobs,  sliders,  digital  and  ana¬ 
log  indicators,  whose  behaviour  is  equivalent  to 
that  of  the  real  instrumental  devices.  The  pan¬ 
els  can  be  generated  interactively  by  means  of  a 
control  panel  editor  in  a  menu  driven  way  without 
writing  a  line  of  code.  The  connection  with  the 
online  database  and  the  underlying  servers  on  the 
lower  layers  is  automatic  and  completely  transpar¬ 
ent. 

4.5  Databases 

Each  computer  of  the  control  layer  is  managing  a 
memory  resident  online  database  representing  one 
part  of  the  accelerator  complex.  The  set  of  online 
databases  on  the  individual  computers  is  linked  via 
horisontal  communication  paths,  such  that  only  a 
single,  distributed  database  is  seen  which  allows 
for  transparent  access  to  all  the  informations  per¬ 
taining  the  accelerator.  The  relation  of  given  pa¬ 
rameters  to  individual  computers  is  not  explicitly 
seen  by  high  level  applications  and  process  layer 
software  alike. 

The  offline  storage  of  machine  data  is  performed 
by  a  relational  database  system  based  on  SQL.  The 
control  system  relevant  parts  of  ROSY  are  com¬ 
pletely  described  by  the  offline  database. 

5  Acknowledgement 

We  are  indebted  to  Prof.  Dieter  Einfeld  and  the 
Forschungssentrum  Rossendorf  for  their  support 
and  interest  in  this  work. 

6  References 

[1]  D. Einfeld  et  al.,  The  Synchrotron  Light  Source 
ROSY  /,  these  Proceedings. 

[2]  D.  Husmann,  The  ELSA  Stretcher  Ring,  Lec¬ 
ture  Notes  in  Physics  No.234.,  Springer  Verlag 

[3]  F.Potepan,  The  ELETTRA  Man  Machine  In¬ 
terface,  Sinctrotrone  Trieste  ST/M-91/2,  March 
1991. 

[4]  VzWorks  Guide,  Wind  River  Systems  Inc., 
Alameda,  CA  94501 

[5]  A.  Goscinski,  Distributed  Operating  Systems  - 
The  logical  design,  Addison-Wesley  Publ.Comp. 
1991 

[6]  S.  Mullender,  Editor,  Distributed  Systems, 
ACM  Press  New  York  1991 


2536 


Measuring  Emittance  Using  Beam  Position  Monitors* 


Steven  J.  Russell  and  Bruce  E.  Carlsten 
Group  AT-7,  MS  H825,  Los  Alamos  National  Laboratory 
Los  Alamos,  NM,  87545,  USA 


Abstract 

The  Los  Alamos  Advanced  Free-Electron  Laser  uses  a 
high  charge  (greater  than  1  nC),  low-emittance  (normalized 
rms  emittance  less  than  5n  mm  mrad),  photoinjector-driven 
accelerator.  The  high  brightness  achieved  is  due,  in  large  part, 
to  the  rapid  acceleration  of  the  electrons  to  relativistic 
velocities.  As  a  result,  the  beam  does  not  have  time  to 
thermalize  its  distribution,  and  its  transverse  profile  is,  in 
general,  non-Gaussian.  This,  coupled  with  the  very-high 
brightness,  makes  it  difficult  to  measure  the  transverse 
emittance.  Techniques  used  must  be  able  to  withstand  the 
rigors  of  very-intense  electron  beams  and  not  be  reliant  on 
Gaussian  assumptions.  Beam  position  monitors  are  ideal  for 
this.  They  are  not  susceptible  to  beam  damage,  and  it  has 
been  shown  previously  that  they  can  be  used  to  measure  the 
transverse  emittance  of  a  beam  with  a  Gaussian  profile  [1]. 
However,  this  Gaussian  restriction  is  not  necessary,  and,  in 
fact,  a  transverse  emittance  measurement  using  beam  position 
monitors  is  independent  of  the  beam's  distribution. 

I.  INTRODUCTION 


pipe.  If,  in  its  rest  frame,  this  pulse  has  some  distribution, 
/(p,4>,z),  that  is  normalized  to  the  total  charge,  ?»,,  then  the 
image  charge  distribution  on  the  beam  pipe  is  given  by 


o($.z,t)  =  - 


J/(p',f,Y(z'-0cr)) 


M  M 

^XX0"005^-*')] 


2’ 


n  =  0 


1,  n*0 


where  a  is  the  radius  of  the  beam  pipe,  p  and  y  are  the  usual 
relativistic  parameters,  the  J„ s  are  Bessel  functions,  the  x^s 
are  Bessel  function  zeros,  and  the  volume  of  integration  is  the 
volume  that  contains  the  electron  pulse.  As  y  becomes  large, 
this  simplifies  to  the  expression. 


The  Advanced  Free-Electron  Laser  (AFEL)  is  a  compact, 
computer-controlled  FEI.  that  is  intended  as  a  coherent  light 
source,  tunable  from  the  infrared  to  the  visible.  The 
accelerator  is  driven  by  a  photoinjector  and  produces  a  high¬ 
brightness,  20-MeV  beam.  In  order  for  it  to  achieve  lasing  in 
the  visible  regime,  the  AFEL  relies  heavily  on  beam  quality, 
i.e.,  low  emittance,  and  on  the  high  peak  currents  that  are 
obtainable  with  a  photoinjector. 

Measuring  the  second-moment  properties  of  electron 
beams  from  photoinjectors  is  not  a  trivial  proposition  [2],  At 
the  present,  the  AFEL  uses  single -quadnipole  scans  on  an 
intercepting  screen  to  measure  the  emittance.  However, 
simulations  indicate  that  this  method  underestimates  the  rms 
emittance  by  a  factor  of  about  four.  In  fact,  this  method  seems 
to  measure  the  instantaneous  emittance  at  the  center  of  the 
beam  [2].  While  this  number  is  more  important  to  the 
performance  of  the  laser,  the  rms  quantity  is  more  important 
for  beam  transport  through  the  beamline. 

In  this  paper,  we  will  discuss  the  possibility  of  using 
beam  position  monitors  (BPMs)  to  measure  the  rms  emittance 
of  the  AFEL  electron  beam.  What  we  will  show  is  that  the 
numbers  produced  by  this  technique  are  independent  of  the 
beam  distribution.  Thus,  the  measurement  gives  true  rms 
values  whose  meanings  are  clear. 

n.  IMAGE  CHARGE  DISTRIBUTION 

Consider  an  electron  beam  pulse  traveling  down  a  beam 


♦Work  performed  under  the  auspices  of  the  U.S.  Department 
of  energy. 


o(4>,z,r)  =  -^-  Jj>(p'.f.z-Pc*) 

area  of 
pipe 

®{1  +  2X(“) 


where  /'(p'.^'.z-Pcr)  is  the  pulse  distribution  in  the  lab 
frame,  also  normalized  to  qm[ 3]. 

m.  BPM  SIGNAL 


A  beam  position  monitor  consists  of  four  electrodes 
placed  around  the  beam  pipe  at  90°  intervals,  as  shown  in  Fig. 
1.  They  couple  to  the  beam  through  the  image  charge,  or  wall 
current,  produced  on  the  beam  pipe  by  the  electron  beam. 
Their  signals  can  be  expanded  in  powers  of  1/a.  In  general, 
the  terms  of  this  multipole  expansion  are  dependent  on  the 
distribution  of  the  electron  beam.  However,  what  we  will 
show  is  that  the  terms  important  for  measuring  the  emittance 
are  distribution  independent 

For  the  case  where  the  electrodes  have  no  angular  width 
and  the  electron  beam  distribution  is  Gaussian,  the  first  four 
terms  of  the  multipole  expansion  have  previously  been 
determined  [1],  It  is  a  simple  matter  to  extend  this  result  to 
the  case  of  electrodes  with  angular  width  (Fig.  1),  which  we 
have  done.  Table  1  gives  the  first  three  terms  of  the  multipole 
expansion  in  this  case,  normalized  to  qalt2na.  From  these  the 

quantity  a\  -  o2y  can  be  determined,  and  that  determination 
leads  to  a  method  of  measuring  the  emittance  [1]. 
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Table  1:  Multipole  terms  for  Gaussian  beam,  normalized  to  qM/2m 


Electrode 

RsRight 

L=Left 

T=Top 

B=Bottom 

(♦  =  °) 

(♦=«) 

(♦-!) 

(-*) 

Monopole 

2a 

2a 

2a 

2a 

Dipole 

4tina  — 
a 

-4  sin  a— 
a 

4sina— 

a 

-4  tin  a— 
a 

Quadrupole 

2  sin  2a 

’o\-o\  v-r 

-2  tin  2a 

ol-al  V-y1' 

-2  sin  2a 

a\-al  V-r 

[a1  '  a1  J 

1  “  a 

a 2  a2 

a2  a 2 

Fig.  1:  BPM  electrode  positions. 

Now  consider  the  case  of  a  general  beam  distribution.  A 
BPM  at  some  position  Zq  along  our  beam  pipe  has  electrodes 
placed  as  shown  in  Fig.  1,  with  length  2Az.  Then  the  image 
charge  on  an  electrode  at  angular  position,  is 


♦+«  Zt+Az 

qM  =  -—  jd$  jdz 


t-d  1,-Az  area  of 
pipe 


®|1  +  2X  cos[n(4>  - 

it*  At 

?(<M)  =  ~^  J*  JJ /'(p'.f.z-M 

Zt~Az  area  of 
pipe 

2a  +  4X(^)  oos[n(<t>  -  $')] jp'dpW  • 


The  integration  over  z  is  complicated  by  two  things:  the 
beam  bunch  is  moving,  so  that  the  integration  depends  on  t, 
and  there  is  the  possibility  that  the  electrode  length  may  be 
shorter  than  the  beam  pulse  length.  For  simplicity,  we  will  fix 
t  so  that  the  center  of  the  charge,  fkr,  corresponds  to  the  center 
of  the  BPM,  Zo .  This  is  the  point  at  which  the  charge  peaks. 
Also,  we  will  assume  that  the  electrode  length  is  large  enough 
relative  to  the  bunch  length  that  we  can  take  A z->».  (For  the 
AFEL,  the  electron  pulses  are  about  3  mm  long,  so  even  1-cm- 
long  electrodes  are  adequate  for  this  assumption  to  be  good.) 

The  integration  over  p'  and  can  be  changed  to  an 
integration  over  x'  and  /.  Since  we  have  assumed  no  special 
distribution,  it  is  perfectly  acceptable  to  make  the  substitution 


/'(p -  M  -»  /'(*' -X,y'-y,z-  Zo). 

This  substitution  indicates  that  we  are  now  writing  the  beam 
distribution  in  Cartesian  coordinates  with  the  beam's  center  at 
(jc,y,Zo).  Then  we  can  use  the  expansion 


2^4^)  ^  cos[w($  -  $')]  =  2a 

.  sin  a ,  .  .  ,  . 

+4 - (x  cos$+  y  sin$) 

a 

+  2sm2o[(j(/2  ^2)cos2^  +  2xysin2^] 

+iELpL[(x'J  _  3*y2)cos3<|>  +  (3x,2y'  -  y'3)sin34>] 
+higher  order  terms 

to  convert  the  rest  of  the  integral  to  Cartesian  coordinates  [3]. 

The  beam  distribution  is  always  zero  outside  the  pipe; 
therefore,  when  integrating  over  x’  and  /,  we  can  make  the 
limits  of  integration  +°°  and  -<».  Then  the  peak  image  charge 
on  a  BPM  electrode  is 


W(*)  =  ~d~:  J  J  J/'(x-x,y-y,2-Zo) 


2na 
2a  +  +4 


Zo“**“**”’ 

sin  a 


(xcos$  +  ysin$) 


+2— — y— '^x2  -y2)cos2$+ 2xysin2$j 

-  3xy2  )cos3^  +  (3x2y  -  y3)sin3^>J 


+higher  order  terms 


dxdydz. 


where  we  have  dropped  the  primes  for  convenience.  Making 
use  of  the  following  integrals: 


J  S  I*-  x, y  -  y, Z-Zo)  dxdydz  =  qlon 


2538 


Zo +“+•»+■» 

J  J  J  xl'(x  -x,y-y,z-  Zq)  dxdydz  =  qwtx, 

Zo+~+«+— 

J  J  J —  jf.y -  y.z ~  Zo)  rfw/yrfz  =  . 

*o  ~“ 
z0 +-+-+- 

j  J  J x2/'(x  -  x,y-  y,z  -  Zq)  dxdydz 

to  —  —  — 

Zo+~  +~+~ 

=  J  J  J[(x-I)2  +  2xx-x2] 

*o-~  — — 

®/'(x  -  J,y  -  y,z  -  z0)  dxdydz 
=  Qu,,[{(x-x)f  +  2x2-x2] 

=  qm{a\  + 12),  (ox  is  the  rms  halfwidth  in  x) 

Zo  +“°  +°°  +°° 

J  j  J  y2l'{x-x,y-y,z-z0)  dxdydz 

to  —  — 

=  <lu„{a2y  +  y2)' 

qpeaki* l>)  becomes 

<W(< 2a  +  4^(xcos<|>  +  ysin<|>) 
+2si^2a{[(o2  _o2)_(-2  _ 

+2(xy)sin2<|>}  + |^^[((*3)  -  3(x2y))cos3<|> 

+^3 (jc2y)  -  (y3))  sin  3<J>j  +  higher  order  terms  j . 

The  angled  brackets  indicate  an  rms  average.  Substituting  in  <f> 
=  0,  tt/2,  n,  and  3rt/2,  to  get  the  peak  charge  for  each  electrode, 
one  finds  that  the  first  three  terms  in  the  multipole  expansion 
are  identical  to  those  for  the  Gaussian  beam  in  Table  1. 

IV.  EMITTANCE  MEASUREMENT 

Measuring  emittance  using  BPMs  is  difficult.  Most  often, 
it  is  the  lack  of  an  adequate  signal  to  noise  ratio  that  is  the 
main  cause  for  concern.  However,  we  have  discovered  a 
further  problem  that  we  believe  is  associated  with  the  very- 
short  beamline  of  the  AFEL  and  the  nature  of  the 
measurement 

The  matrix  equation  Q=  M  d, ,  where 

’(*4  (**.*»).  <*4  -(*»?,  -(2*3,**),  -(*4' 

■  , 

(*..)!  (2*,,*,,).  (*4  -(*4  -(2*„*4  -(*4. 


is  what  we  are  setting  up  when  we  use  BPMs  to  measure  the 
emittance  [1].  The  elements  of  the  vector  (5  are  the 
measurements,  and  the  vector  d,  is  what  we  wish  to 
determine  [1].  The  RtjS  are  the  elements  of  the  transfer  matrix 
between  the  point  where  you  want  to  know  the  emittance  and 
the  BPM  that  is  making  the  measurement 

On  the  AFEL,  the  distance  from  the  end  of  the  linac  to  the 
BPM  that  we  wish  to  use  for  our  emittance  measurement  is 
about  1.5  m,  with  four  quads  along  the  way.  Our  first 
inclination  was  to  vary  one  of  those  quads  to  generate  our 
measurements.  However,  the  matrix  produced  by  doing  this 
proved  to  be  highly  unstable.  It  bad  a  condition  number  of 
about  104,  which  means  that  any  error  in  our  measurements 
could  be  amplified  by  that  factor  when  we  solved  our  matrix 
equation.  What  we  ended  up  having  to  do  was  use  two  or 
more  quads  in  concert,  so  that  our  transfer  matrix  acted  as  a 
"filter."  By  setting  the  quads  to  appropriate  values,  we  can 

make  all  but  one  of  the  numbers  in  a  M  matrix  row  zero,  or 
very  small.  This  allows  most  of  the  terms  in  the  vector  d,  to 
dominate  a  number  of  measurements.  As  a  result,  we  can 

reduce  the  condition  number  of  M  so  that  it  is  close  to  unity, 
which  is  as  small  as  it  can  be. 

Why  do  poorly  conditioned  matrices  arise?  For  the 
AFEL,  with  its  short  beamlinc,  that  situation  is  partly  a 
resolution  problem.  Mostly,  though,  it  comes  from  the  fact 

that  not  all  the  elements  in  one  row  of  the  M  matrix  are 
independent.  A  long  beamline  will  help,  but  it  is  not 
necessarily  the  answer.  One  must  be  careful  when  making 
measurements.  In  general,  it  has  been  our  experience  that 
adjusting  quads  at  random  produces  very  poorly  conditioned 
matrices,  even  when  more  than  one  quad  is  turned  on  at  the 
same  time. 

V.  CONCLUSION 

A  photoinjector-driven  accelerator  presents  unique 
challenges  for  emittance  measurements.  By  using  BPMs  for 
this  purpose,  we  circumvent  the  need  for  knowledge  of  the 
actual  distribution.  However,  in  order  for  this  technique  to 
work,  we  still  need  to  improve  the  signal  to  noise  ratio  of  the 
BPMs,  and  this  is  a  problem  we  have  not  yet  addressed. 
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Abstract 

In  KEK-PS,  there  is  a  pair  of  horizontal  (H)  and  vertical 
(V)  non-destructive  beam  profile  monitor  (NDPM)  in  the 
Booster,  and  two  H-  and  one  V-NDPM  in  the  main  ring.  All 
NDPMs  can  measure  the  time  dependence  of  beam  profile 
within  one  acceleration  period  without  beam  destruction,  and 
the  combination  of  two  H-NDPMs  in  the  main  ring  can 
measure  the  time  dependence  of  momentum  spread.  By  the 
system  with  a  scraper  and  orbit  bump  magnets  we  cross¬ 
checked  the  beam  size.  And  by  measuring  the  longitudinal 
bunch  length  and  the  RF  characteristics,  we  also  cross¬ 
checked  the  momentum  spread.  The  half  width  by  NDPM  is 
apt  to  be  wider  than  the  width  by  the  scraper  method  to  the 
extent  of  some  mm.  The  error  becomes  severe  in  the 
measurement  of  narrow  beam  width. 

I.  INTRODUCTION 

The  positive  ion  are  produced  by  the  collision  of  the 
circulating  proton  beam  into  residual  gas  in  a  synchrotron 
ring.  Leading  them  to  a  sensor  by  a  external  collecting  field, 
the  position  dependence  of  these  ion  currents  shows 
circulating  beam  profile  indirectly.  We  call  this  monitor  as  a 
non-destructive  beam  profile  monitor  (NDPM)  [1].  Since  the 
ion  current  signal  is  very  low,  we  usually  use  a  micro-channel 
plate  (MCP)  to  amplify  the  signal.  KEK-PS  has  five  sets  of 
NDPM  by  using  a  large  rectangular  area  MCP  with  32  anodes, 
two  of  which  measure  the  time  dependence  of  the  horizontal 
and  vertical  booster  beam  profile,  separately.  In  the  main  ring, 
one  NDPM  measures  the  vertical  beam  profile  and  a  pare  of 
two  monitors  measures  not  only  horizontal  beam  profile  but 
also  momentum  spread  (Ap/p)  [2].  When  the  beam  intensity  is 
high,  the  electric  potential  of  the  beam  distorts  the  collecting 
field.  Therefore,  it  needs  to  be  checked  by  other  measuring 
system  that  the  measured  data  by  NDPM  is  correct.  The  data 
of  the  horizontal  and  the  vertical  beam  profile  of  the  Booster 
and  the  vertical  in  the  main  ring  were  checked  by  the 
combination  systems  of  a  scraper  and  orbit  bump  magnets, 
and  the  data  of  the  momentum  spread  in  the  main  ring  was 


checked  by  the  calculation  from  the  bunch  length  and  RF 
characteristics  [3].  The  beam  width  measured  by  NDPM  is  apt 
to  be  wider  than  the  width  by  the  scraper  and  orbit  bump 
magnets  system,  especially  in  the  the  vertical  beam  with 
narrow  width  and  high  intensity. 

n.  CROSS-CHECK  OF  BEAM  PROFILE 

The  measurement  by  the  system  with  a  scraper  and  orbit 
bump  magnets  is  shown  in  Fig.l.  The  beam  orbit  is  deformed 
by  the  bump  magnets  and  some  part  of  the  beam  is  hit  by  the 
scraper.  The  dependence  of  the  beam  loss  on  the  bump  current 
(see  Fig.2)  is  changed  by  the  scraper  position.  By  taking  these 
dependence  curves,  the  calibration  constant  between  the  bump 
current  and  the  moved  distance  of  the  beam  at  the  scraper 
position  is  obtained.  Fig.3  shows  the  typical  vertical  beam 
profile  in  the  Booster  measured  by  NDPM  (white  circle)  and 
the  beam  loss  dependence  on  the  bump  current  which  is 
equivalent  to  the  moving  scraper  position  (black  circle).  The 
former  profile  is  the  projection  of  the  beam  density  in  the 
phase  space  along  Y‘  axis  as  shown  in  Fig.4a,  on  the  other 
hand,  the  later  beam  loss  dependence  shows  the  density 
dependence  on  the  radius  in  the  phase  space  as  shown  in 
Fig.4b.  These  position  dependences  of  the  signal  show 
different  meanings  of  the  beam  density  distribution  in  the 
phase  space  with  each  other,  however,  it  is  safe  to  say  that  the 
half  width  at  5%  height  of  these  two  profiles  should  be  good 
agreement  with  each  other.  Fig  5a  and  5b  show  the 
dependence  of  the  half  vertical  beam  width  at  5%  height  on 
the  acceleration  time  of  the  Booster  at  low  and  high  intensity, 
respectively.  Fig.6  shows  the  horizontal  case  at  medium 
intensity.  The  horizotal  beam  width  by  NDPM  is  fairly  good 
agreement  with  one  by  the  scraper  and  bump  system  (Fig.6). 
However,  the  vertical  beam  width  by  NDPM  is  wider  than  one 
by  the  scraper  system,  especially  in  the  case  with  high 
intensity  and  narrow  width  (Fig.Sb).  All  measurement  were 
done  under  the  sufficient  high  collecting  field 
(=30kV/120mm). 


Fig.  1  A  scraper  and  two  orbit  bump  magnets  system. 
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Half  Beam  Width  (mm) 


Booster  (V)  Beam  Profile  (16ms) 

O  by  NDPM  (WS%»fl.4mmj 

•  by  Fui  Sc/apar  with  Bump  (W5%-3.Smm) 

B««m  Intensity  _  GauM  fM  of  NDPM  (3<f»  12.6mm) 

>1.2El2ppp  —  Gauss  ftt  ol  Scrapar  (3o-6.3mm  ) 


Fig.2  Beam  loss  generated  by 
orbit  bump  current 


Fig.3  Typical  Booster  vertical  beam  profile 
by  NDPM  (white  circle)  and 
beam  loss  dependence  on  effective 
scraper  position  (black  circle) 


Fig.4a  Relationship  between  output  of  NDPM  and  Fig.4b  Relationship  between  output  by 

density  distribution  in  phase  space  scraper  &  bump  system  and 

density  distribution  in  phase  space 


Tim*  dependence  of  Booster  (V)  Beam  Width 


Accelerating  Time  (ms) 


Time  dependence  of  Booster  (V)  Beam  Width 


(High  Baam  lman*»ty-l.2El2ppp) 


Accelerating  Time  (ms) 


Fig.5a  Time  variation  of  half  width  at  5%  height  in  Fig.5b  Time  variation  of  half  width  at  5%  height  in 

Booster  vertical  beam  profile  (at  low  intensity)  Booster  vertical  beam  profile  (at  high  intensity) 
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(4) 


Tim*  0«p*nd*ne*  of  Booitar  (H)  B**m  Width 


Accelerating  Tim*  (ms) 

Fig. 6  Time  variation  of  half  width  at  5%  height  in 
Booster  horizontal  beam  profile  (at  medium  intensity) 

IE.  CROSS-CHECK  OF  MOMENTUM  SPREAD 

A.  Measurement  by  NDPM 

Assuming  that  the  intrinsic  beam  profile  and  momentum 
distribution  have  Gausian  shapes,  the  total  half  beam  width  (x) 
is, 

x  =  (pe  +  (ri  U>/P)2)U2  ,  (1) 

where  3  the  Twiss  parameter,  e  the  beam  emittance,  q  the 
dispersion  function,  and  AP  the  momentum  spread.  If  two 
NDPMs  are  installed  at  locations  with  the  Twiss  parameter 
and  dispersion  function  of  (Pi ,  T|i)  and  (P2,  q  2),  respectively, 
the  momentum  spread  is  deduced  from  the  above-mentioned 
equation  to 


where  xj  and  X2  are  the  half  beam  width  at  the  position  of  1 
and  2,  respectively.  The  solid  line  in  Fig.  7  shows  the  time 
dependence  of  the  momentum  spread  in  the  main  ring 
calculated  by  the  half  width  at  5%  height  of  beam  profiles 
measured  by  two  horizontal  NDPMs. 


where  Eo=9.38*108(eV).  The  result  is  shown  by  cross  mark  in 
Fig.7.  It  can  be  said  that  the  results  by  two  different  methods 
almost  agree. 


Time  dependence  of  momentum  spread  In  MR 


Time  alter  Injection  (ms) 

Fig.7  Time  dependence  of  momentum  spread  in  main  ring 
by  two  horizontal  NDPMs  (solid  line) 
by  calculation  from  bunch  length  and 
RF  characteristics  (cross  marks) 

IV.  CONCLUSION 

It  might  be  thought  that  the  beam  width  measured  by  the 
system  with  a  scraper  and  orbit  bump  magnets  shows  the  real 
value.  The  half  beam  width  obtained  by  NDPM  is  wider  than 
real  value  to  the  extent  of  3, 4  mm.  The  error  is  severe  when 
the  beam  intensity  is  high  and  the  with  is  narrow.  As  far  as 
beam  width  is  wide,  the  momentum  spread  measured  by 
NDPM  agrees  well  with  the  approximate  calculation  from  the 
bunch  length  and  RF  characteristics. 
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B.  Measurement  by  bunch  length  and  RF  characteristics 

When  the  minimum  longitudinal  phase  ($1)  of  the  bunch 
circulating  in  a  synchrotron  ring  is  near  -n/2  and  the 
maximum  (02)  is  near  n/2,  the  following  equation  is  obtained 
approximately  [3], 


1 


where  AW=AE/ft,  eV  is  RF  voltage  (eV),  cP  is  proton 
momentum  (eV),  R  is  radius  of  ring  (=54m),  £2=2rcf  (f  is 
rotating  frequency  of  proton  beam  in  the  ring),  0b  is  the  half 
bunch  length,  0s  is  the  phase  of  the  synchronous  proton  (r) 

and»J=  (Wy„)2-(l/r)2  • 

Momentum  spread  is  deduced  by  above  and  following 
equations; 
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Abstract 

Main  theoretical  results  for  a  transverse  feedback  system 
with  a  digital  IIR-filter  (infinite  duration  impulse  response 
filter)  and  FIR-filter  (finite  duration  impulse  response  fil¬ 
ter)  are  described.  The  Z-transform  method  is  used  to 
solve  the  problem  of  the  beam  dynamics  in  the  accelera¬ 
tor  with  a  digital  feedback.  The  analytical  solution  for  the 
damping  time  and  for  the  eigen  frequencies  are  obtained 
and  the  system  stability  analyzed. 


I.  Introduction 

The  transverse  feedback  systems  (TFS)  are  used  in  syn¬ 
chrotrons  to  damp  the  coherent  transverse  beam  oscilla¬ 
tions.  In  these  systems  the  kicker  (DK)  corrects  the  beam 
angular  according  to  the  beam  deviation  from  the  closed 
orbit  in  the  pick-up  (PU)  location  at  each  turn.  A  classi¬ 
cal  TFS  consists  of  one  PU  and  one  DK  per  plane.  These 
systems  have  been  used  widely  and  provide  an  amplitude 
decrease  of  25%  per  revolution  [1].  In  order  to  suppress  fast 
resistive  wall  instability  in  UNK-1  (Serpukhov,  Russia)  [2] 
a  more  effective  system  is  studied  and  developed  [3].  It 
consists  of  two  PU  and  two  DK  per  plane  connected  by  a 
feedback  circuit  with  a  digital  filter  and  delay.  The  digital 
filters  are  used  in  a  classical  TFS  [4]  and  designed  for  a 
fast  TFS  [5]  to  remove  the  revolution  frequency  harmon¬ 
ics.  Feedbacks  with  digital  filters  have  essential  advantages 
for  new  large  accelerators  such  as  UNK,  LHC,  SSC  where 
the  revolution  period  is  70  -r  290 ps  and  the  digital  proce¬ 
dures  for  signal  transformations  can  be  realized  with  sig¬ 
nal  processors.  This  article  is  based  on  studies  of  TFS  for 
UNK-1  [3,  5]  and  LHC  [6]. 

II.  Basic  Equations 

A  feedback  system  consists  of  PU  and  DK  connected  by 
circuit  with  a  preamplifier,  a  filter,  a  power  amplifier  and  a 
delay  r  (Fig.la).  If  bunch  coupling,  which  happens  due  to 
resistive  wall  instability,  is  neglected,  the  matrix  method 


beam 


PU2h 


DK1 


HDK2 


(a) 


filter 


Figure  1:  Feedback  layout  (a)  and  IIR-filter  scheme  (b). 


becomes  suitable  for  the  beam  motion  description.  Let 
the  column  matrix  A[n,s]  determine  the  beam  state  at 
the  n-th  turn  at  point  s  of  the  circumference  Co-  The  first 
element  of  this  matrix  equals  the  beam  deviation  x[n,  s] 
from  the  closed  orbit  and  the  second  one  is  x'[n, «].  After  a 
short  DK  the  x'  value  of  the  beam  is  changed  by  Ax'[n,  sjf] 
while  deviation  remains  the  same  as  before  the  DK  at  point 
£%.  Hence,  after  DK  at  point  s£,  the  beam  state  is 

X[n,  41  =  X[n,  8~k\  +  f  AX[n,  sK), 

where  T  is  the  2x2  matrix  in  which  T2i  =  1  and  the  other 
elements  are  zero.  The  kick  is  determined  with  column  ma¬ 
trix  AX[n,sjc].  where  the  first  element  equals  Ax'[n,  sjf] 
and  the  second  one  has  an  arbitrary  value. 

If  M(s2,si)  is  the  transfer  matrix  from  s\  to  s2,  then  at 
the  PU1  location  at  the  (n  +  l)-th  turn  the  beam  state  is 

X[n+  l.spi]  =  MqX[i\,  «pi]  + 

M 

+  y^,M(spi  +  Co,SK))TAA[n,sjyt],  (1) 

i=i 

where  Mo  is  the  unperturbed  revolution  matrix  from  point 
8 pi  of  the  PU1  location  and  M  is  a  number  of  kickers. 

Let  Ax'[n,jxi]  be  proportional  to  the  output  voltage 
Vou([n,  s/n]  in  the  feedback  circuit  during  n-th  crossing  of 
the  /- th  kicker.  The  input  voltage  V<„[n,Sf>/]  is  assumed 
to  be  proportional  to  the  beam  deviation  x[n,s/>j]  in  the 
/-th  pick-up.  The  kicker  should  change  the  angle  of  the 
same  fraction  of  the  beam  that  was  measured  by  the  PU. 
The  delay  r  =  qTo  +  rj  is  adjusted  to  provide  such  a  syn¬ 
chronization  ( q  is  integer,  To  is  the  revolution  period,  tj  is 
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the  time  of  the  particle  flight  between  PU/  and  DK/).  If 
the  kick  at  the  n-th  turn  depends  on  the  beam  state  in  the 
previous  turns,  then  for  the  digital  circuit  we  can  write  [7]: 


n-« 

kou<[n,  ski]  =  «[n  -  9]  ^2  h[m]V<n[n  -m-q,  sPi], 

m= 0 


where  u[n]  is  the  discrete  unit  step  function  [7]  and  the 
A[m]  coefficients  are  determined  in  accordance  with  the 
structure  scheme  of  the  feedback  circuit.  If  «xi  >  spm 
and  all  feedback  circuits  are  identical,  then  we  have 


AX[n,  s/cj]  =  u[n  -  g]  x 

|K|/i[mJ 


r'n  V0PI0KI 


M(spi,spi)X[n  -  m  -  q,8pi],  (2) 


m= 0 


where  0pi  and  0ki  are  the  transverse  betatron  amplitude 
functions  in  the  PU  and  DK  locations  and  |Kj  is  the  gain 
of  the  feedback  without  a  Alter. 

Eqs.(l,2)  fully  describe  the  beam  dynamics  in  the  accel¬ 
erator  with  the  digital  feedback  system.  These  equations 
can  be  solved  using  Z-transform  [7]  for  sequence  X[n,  s]: 


X(z)  =  f;  £[«,*]*-;  (3) 

n=0 

*[»,•]  = 

c  k 


The  motion  of  the  particles  will  be  stable  if  |zt|  <  1.  The 
damping  factor  D*  =  |z*|  and  the  number  of  oscillations 
per  turn  {ReQ*}  =  arg(zt)/2x  are  fully  determined  by  the 
singular  points  zk.  Using  Z-transform  for  (1,2)  we  get: 


X(z)  = 

z/  —  M~l(z) det  M(z)  0fn  . 

- T  — ^zX[0,  *P1], 

det  [zl  -  M(z)J 

(4) 

M(z)  = 

Mo  4- 

+ 

Af 

S  +^'o,«Kj)TM(spi,s/>i), 

K(z)  = 

z-’|K|tf(z), 

(5) 

where  /  is  the  unit  matrix;  X[0,spi]  is  the  initial  beam 
state  matrix;  K(z)  is  the  transfer  function  for  a  feedback 
circuit  with  the  delay  r  and  the  Alter  system  function  H(z) 
depending  on  h[m].  It  is  known  [7]  that  in  radiotechnical 
sense  the  circuit  is  stable  if  all  the  singular  points  of  K(z) 
lie  inside  the  circle  |z|  <  1.  If  this  condition  is  fulAUed,  the 
singular  points  zk  in  (4)  are  found  from  the  equation  [8]: 

det  ^ zl  —  M(z)^  =  z2  —  [2  cos(2tQ)  + 

M 

+K(z)  ^  sin(2»Q  -  tl>piKij\  z  +  det  M(z)  =  0,  (6) 

1=1 

where  Q  is  the  number  of  unperturbed  betatron  oscillations 
per  revolution  in  transverse  plane;  4'piki  is  the  betatron 
phase  advance  from  PU/  to  DK/. 


Figure  2:  Dk  for  a  classical  feedback  with  IIR-Alter  (left) 
and  FIR-Alter  (right).  Re<?  =  70.3;  |ImQ|  =  0.01. 


When  instability  occurs,  Eq.(6)  will  have  the  same  form 
but  the  betatron  phase  advances  must  be  calculated  with 
a  complex  value  of  Q(z)  both  for  coasting  [6]  and  bunched 
[9]  beams. 


III.  Feedback  With  Filter 


The  digital  IIR-Alter  (Fig. lb)  consists  of  ampliAers  am, 
bm  and  delays  To;  the  order  of  the  Alter  is  p.  The  system 
function  for  this  Alter  is 


H(z) 


p 

P 

1  +  ^2  amz~m 

1  -  E 

m=l 

m= 1 

(7) 


The  results  for  the  Alter  of  the  Arst  order  (p  =  1)  and  for 
q  =  0  are  shown  bellow. 


A.  Classical  Feedback 

For  a  classical  feedback  we  have  M  =  1  and 

det  M(z)  =  1  —  K(z)  sin  rpPK- 

Taking  into  account  (5,7)  we  get  in  (6)  a  cube  equation  for 
zk-  If  |K|  1,  then  in  linear  approximation  we  obtain: 

zi.2  =  (lT^K|e^^)e±l2^-^±^|KK2, 

*3  =  +  (<*i  +  i»i)|K|p3,  (8) 

where  are  deAned  in  [6].  Without  a  Alter  (oj  =  bi  =  0) 
we  have  two  solutions  and  a  damping  time  rj?  is 

—  =  -  In  MAX|zfc|  =  i|K|sin(ReV>Px)-2*|ImQ|  = 

Tp  2 

=  \s/J7fa  sin(ReVTK)  -  2*|ImQ|.  (9) 

This  decrement  formula  is  well  known  [4].  However,  for  a 
feedback  with  a  Alter  it  is  necessary  to  take  into  account 
three  roots.  Fig. 2  shows  |zjt |  dependencies  on  |K|  when 
the  phase  advance  from  PU  to  DK  is  adjusted  closely  to 
an  odd  number  of  x/2  radians  (|sinRet/’pjc|  =  1).  The 
solid  curves  correspond  to  the  oscillations  with  the  tune 
in  neighbourhood  of  Q.  The  dotted  curve  corresponds  to 
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the  third  root.  This  new  oscillation  mode  is  conditioned 
with  the  filter  structure,  when  the  kick  in  DK  depends 
on  the  beam  state  in  the  previous  two  revolutions.  To 
provide  the  independence  on  |K|  of  the  feedback  action  on 
the  closed  orbit  displacement  and  for  a  better  suppression 
of  noise  it  is  necessary  to  set  ai  =  —  1  [6].  Optimization 
of  6i  value  on  the  maximum  damping  rate  gives  6i  =  0.66 
for  a  feedback  with  the  IlR-filter.  It  is  seen  from  Fig. 2 
(left)  that  for  |K|  >  0.65  the  damping  rate  is  determined 
by  third  oscillation  mode.  For  6i  =  0  we  have  a  notch 
filter  (FIR-filter).  The  maximum  decrement  in  this  case 
(Fig.2,  right)  corresponds  to  |K|  =  0.38.  It  is  easy  to  see 
that  a  feedback  system  with  a  notch  filter  is  slower  and  its 
stability  region  is  narrower  than  the  feedback  system  with 
the  IIR-filter. 

B.  Fast  Feedback 

For  a  fast  feedback  we  have  M  =  2.  If  ReV'pjPi  = 
ReV'fOXi  =  */2,  then  1 

detM(z)  =  1  -  2K(z)  sin  V’p/c  +  K2(z). 

After  some  transformations  in  (6)  we  get  the  equation: 
z  -  [1  T  *K(z)  exp(^iil>PK )]  exp(±t2ir(?)  =  0.  (10) 


frequencies  for  the  feedback  with  a  filter.  In  Fig.3  the  solid 
curves  correspond  to  the  ordinary  modes  and  the  dotted 
curves  are  determined  by  the  filter  structure.  For  the  same 
reasons  mentioned  above  for  a  classical  feedback  it  is  nec¬ 
essary  to  set  ai  =  —1.  The  filter  parameter  6i  =  0.61 
was  chosen  to  provide  the  best  damping  conditions.  The 
ReQ  value  for  all  these  curves  is  56.7.  But  with  a  different 
number  of  particles  the  coherent  tune  shift  for  ReQ  may 
be  about  0.09  for  the  horizontal  and  0.41  for  vertical  beta¬ 
tron  oscillations  [2].  It  means  that  ReV’PX  will  differ  from 
its  optimum  value.  The  particle  motion  is  stable,  if  [3] 

|sin(ReV>i>jf)|  >  |sinh(2irImQ)|. 

Hence,  the  ReV*PK  deviation  is  not  more  than  0.2t  radians 
in  the  UNK-1.  As  soon  as  this  deviation  is  less  than  the 
coherent  tune  shift  for  vertical  oscillations,  then  the  tune 
must  be  corrected  during  injection  in  order  to  have  an 
acceptable  phase  advance  from  PU2  to  DK1 

It  is  necessary  to  emphasize  that  the  optimum  value  of 
6}  depends  on  Q.  For  this  reason  in  the  filter  design  it  is 
useful  to  foresee  a  possibility  to  vary  the  bx. 

IV.  Conclusion 

The  matrix  equations  for  a  transverse  feedback  system 
with  a  digital  filter  have  been  obtained  and  the  Z- trans¬ 
form  method  has  been  effectively  used  to  solve  them.  The 
analytical  solutions  for  the  damping  time  and  for  the  eigen 
frequencies  obtained  allow  one  to  design  feedback  systems 
with  digital  filters  and  to  optimize  the  damping  rate  and 
the  amplifier  gain  in  stability  region. 
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Hence,  for  K(z)  in  (5)  with  H(z)  from  (7)  the  additional 
solutions  Zk  and,  thus,  the  new  eigen  frequencies  are  ob¬ 
tained.  This  leads  to  modification  of  stability  region, 
|z*|  <  1,  especially  when  |K|  >  1.  The  maximum  damping 
rate  is  achieved  by  the  fast  feedback  system  at  optimum 
positions  of  PU  and  DK  (|sinRe^j>K|  =  1)  connected  via 
feedback  without  filter  [3]  and  its  value  is 

MAX(D*)  =  |sinh(2xImQ)|  for  |K|  =  cosh  (2*ImQ). 

This  means  that  without  instability  the  fast  TFS  can  damp 
the  coherent  oscillations  in  one  turn.  But  in  the  UNK-1 
it  is  expected  that  |ImQ|  =  0.1.  Hence,  the  stability  re¬ 
gion  is  not  large.  For  this  reason  the  PU  and  DK  positions 
were  taken  as  close  to  their  optimum  positions  as  possi¬ 
ble.  In  Fig.3  the  D*  and  {ReQ*}  dependencies  on  ]K|  are 
shown  for  the  feedback  system  with  the  IIR-filter.  As  it  is 
mentioned  above  there  are  more  than  two  ordinary  eigen 

1  The  influence  of  deviations  for  phase  advances  from  n/2  radians 
is  analysed  in  (8j. 
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